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ABSTRACT

Impulsively-started flow about a D-shaped body, a T-shaped

* body, and a flat plate has been investigated. The forces and

moments acting onthe bodies have been determined, as a function

of the relative displacement of the fluid at a subcritical

Reynolds number, for various angles of attack.

The results have shown that the shedding of the first two

or three vortices and the manner in which they are generated

have profound effects on all the characteristics of resistance.

The evolution of the vortices, and hence the forces, signif-

icantly depend on whether the separation points are fixed or

mobile, or a combination thereof. The data presented here

are expected to form the basis for future numerical analyses

of the characteristics of time-dependent flow about bluff

bodies. At present, accurate analytical and numerical data,

for comparison with those presented herein, do not exist.
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I. INTRODUCTION

The motion of bodies through fluids and fluid motion in

or about bodies gave rise to a great number of practical and

theoretical studies regarding the determination of resistance

in steady and time-dependent flows.

Dbservations as well as numerical experiments show that

the wake of a bluff body is comprised of an alternating vortex

street. The character of the vortices immediately behind the

body and in the wake further downstream depend, for a steady

ambient flow, on the Reynolds number and the intensity and

scale of the turbulence present in the ambient flow. For a

time-dependent flow, the instantaneous state as well as the

past history of the flow play significant roles and it is not

possible to give a general set of normalized parameters.

Heuristic reasoning, and laboratory and numerical experiments

often will have to supplement the information gathered from

relatively idealized solutions in order to correctly identify

the most important governing parameters.

Even if the fluid is assumed to be inviscid, flow involv-

ing separation is beyond the reach of rigorous calculation.

In reality, the flow behind a bluff body moving steadily

through a fluid (or held stationary in a steadily moving

fluid) is accompanied by large scale unsteadiness. Further-

more, any type of disturbance or unsteadiness experienced

is



by the ambient flow and/or the body introduces additional

changes in the characteristics of the flow and in the fluid-

structure interaction.

The formation of a wake gives rise not only to a form

drag, as would be the case if the motion were steady, but

also to significant changes in the inertial forces. The

velocity-dependent form drag is not the same as that for

steady flow in a viscous fluid; and, the acceleration-

dependent inertial resistance is not the same as for un-

separated flow in an inviscid fluid. In other words, the

drag and inertial forces are interdependent as well as time-

dependent. Thus the relationships between the various re-

sistance components must be determined in terms of the

unsteadiness of the ambient flow. Also, these relationships

must take into consideration the geometry of the body, the

degree of upstream turbulence, the roughness of the body,

and the past history of the flow.

The hydrodynamics of unsteady flow, in particular those

set in motion impulsively from rest, has been most aptly

described by Sedov [1]. Birkhoff and Zarantonello [2] have

brought together results of nearly a hundred years of research

on The motion of jets, wakes and cavities. More recently,

revolutionary changes in computers and numerical methods have

generated new concepts which are scattered throughout the

literature.

16



As in a great many steady flow problems, where potential

flow analysis provides many approximate solutions, real wake

behavior using models involving potential theory have been

tried. (For example, see Sarpkaya and Shoaff [3].) Some of

these approximations may be expected to provide realistic

solutions and make it possible to eventually introduce the

effects of roughness, viscosity, gravity, turbulence and past

history, among other variables.

Favorable comparison between theoretical results and ex-

perimental observations may not always occur, but the objec-

tive is not always the achievement of a completely favorable

comparison. Rather, it is the careful selection of those

theoretical predictions found to be reasonably accurate (in

their agreement with experiments) that should be regarded as

a first step toward further exploration of potential flow

methods and then eventually the complete modeling of all

phases of the flow phenomena. These efforts logically lead

to the reasons why impulsive flows are studied extensively.

As noted earlier, time-dependent flows involve changes

in Loth the drag and inertial forces. The history of the

motion may affect significantly the instantaneous value of

the resistance and the time it takes to reach a given value.

Thus, a general time-dependent flow cannot yet be analyzed

numerically and, therefore, does not provide an opportunity

for the development and testing of numerical techniques and

for the comparison of the results with those obtained

t 1
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experimentally. However, the impulsively-started flow about

a simple bluff body is relatively more manageable and can be

analyzed analytically and/or numerically, at least for the

early stages of motion, and provides an excellent opportunity

for the validation of the methods used through the comparison

of the theoretical and experimental results. It is partly

because of this reason that the study of impulsively-started

flows has attracted a great deal of attention during the past

fifty years.

Flow started impulsively from rest are of importance from

a practical point of view also. Examples of applications of

such flows include the effects upon bodies immersed in a

boiling water reactor during a loss-of-cooling-water accident

and the understanding of the motion of missiles at high angles

of attack. As will be noted later, impulsive flow is analagous

to the evolution of separated flow about slender bodies moving

at high angles of attack. Underwater vehicles, such as torpe-

does and submarines, have impulsive changes imposed upon their

motion, particularly during a turn or dive.

Lastly, from a basic research point of view, the evolution

of the wake and the formation of the first few vortices are

far more important than the subsequent steady state. As the

results presented herein show, the most dramatic changes in

the force-transfer coefficients take place during the early

stages of motion. Understanding of the kinematics and dynamics

18



of the early stages of the evolution of the wake provides

valuable information regarding the growth of shear layers

and the distribution of vorticity.

It is in view of its practical and theoretical signif-

icance that this investigation of impulsively-started flow

about three types of bluff bodies (a D-shaped cylinder, a

T-shaped cylinder and a flat plate) has been undertaken.

19



If. REVIEW OF THE PREVIOUS INVESTIGATIONS

Impulsively-started flow is one of the unsteady flow situ-

ations where analytical and numerical solutions exist at least

for small times and relatively low Reynolds numbers.

uring the early stages of motion the vorticity does not

have enough time to diffuse. The boundary layers are very

thin, the flow is essentially irrotational and the fluid force

acting on the body is primarily inertial. The inertia coef-

ficient is Cm = 1 + Ca where Ca is the added mass coefficient

obtained from potential flow theory. For bodies without sharp

corners, as in the case of a circular cylinder, separation

does not occur immediately. Furthermore, the separation does

not necessarily initiate at the downstream stagnation point

(as in the case of an elliptic cylinder).

For two-dimensional cylinders, it can be shown that the

separation begins, after a time t* at a place where the abso-

lute value of dU/dx is largest. The relationship between t*

and Du/dt is [4]

4 dU+ l ) Ut * (1)

For a smooth circular cylinder started impulsively from rest to

a constant velocity, the distance covered until separation begins

is s = 0.351C (C is the radius of the cylinder). Here, the sep-

aration does begin at the rear stagnation point. For a uniformly

accelerating circular cylinder the corresponding distance

traveled is s 0 0.52C.

20



For axisymmetric bodies t* is given by the expression [4]

dU 4 dr

1 + t* [ ( (1 + IV + z ) (2)

For a sphere impulsively set in motion s = 0.392C. The dis-

tance covered by the sphere until the onset of separation is

somewiat larger, as in the case of the cylinder, when the

sphere is accelerated uniformly from rest. The rate of

acceleration as well as the history of acceleration is

important in the calculation of the relative distance

covered prior to the occurrence of separation. For bodies

with sharp corners separation starts immediately.

Consider an impulsive change superimposed on an already

established flow pattern and, with that change, the role played

by separation on the added mass. Just prior to the impulsive

change the drag coefficient is given by its steady state value

at the corresponding Reynolds number. Sears, as reported by

Rott [3], has shown that "the initial motion following the
Ah.

impulsive change of the conditions consists of the super-

position of the velocity pattern existing just before the

change and the inviscid flow velocity pattern due to the

impulsive boundary values." In other words, at the initial

instants of impulsive change the drag coefficient is equal

to its steady state value and Cm = 1 + Ca (Ca again comes

from the potential theory; for example, Cm - 2 for a cir-

cular cylinder). As time progresses, neither Cd nor Ca

21



remains the same and both change with the evolution of the

flow. These changes are affected by the past history of the

motion and the features of the current state. Thus, the

changes in the added mass coefficient come about not only

because of separation but also because of changes in the

state of the separated flow, such as the additional move-

ment of separation points and the increase or decrease of

the rate of circulation.

Theoretical investigations of impulsively-started motion

of a circular cylinder in a fluid otherwise at rest were

first conducted in the early 1900's and confined to very

small Reynolds numbers. Such a motion was first considered

by Blasius [6] in 1908 and his work vas later extended by

Goldstein and Rosenhead [7] in 1936, G6rtler [8,9] in 1944

and 1948, Schuh [10] in 1953, Watson [11] in 1955, and Wundt

[12] in 1955. It was found, as noted earlier, that after a

certain lapse of time, the boundary layer separates from the

surface of the cylinder; the time and location of separation
4

depending on the Reynolds number and the bluffness of the

body. The separation points then move rapidly around the

cylinder until at some greater time they coincide with the

average positions of the points of laminar separation for

steady flow.

Finite difference techniques have been employed in the

analysis of separated flows by several investigators (Payne

[13] in 1958, Hirota and Miyakoda [14] in 1965, Kawaguti
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and Jain [15] in 1966, Wang [16] in 1967, Jain and Rao [17]

in 1969, Rimon [18] in 1969, Son and Hanratty [19] in 1969,

Thoman and Szewczyk [20] in 1969, Honji [21] in 1972, Mehta

and Lavan [22] in 1972, Collins and Dennis [23,24] in 1973,

Wu and Thompson [25] in 1973, Lugt and Haussling [26] in 1974,

Telionis and Tsahalis [27] in 1974, Bar-lev and Yang [28] in

1975, Panniker and Lavan [29] in 1975, and Cebeci [303 in

1979). Among others, Tuann and Olson [313 employed the finite

element method in 1976.

Experiments at relatively low Reynolds numbers have been

reported by Schwabe r32] in 1935, Taneda and Honji [33] in

1972, Taneda [34] in 1.972, and Coutanceau and Bouard [35] in

1977.

Very little experimental data for impulsively-started flow

at sufficiently high Reynolds numbers (for Reynolds numbers in

the supercritical and post-critical regimes) exists. This is

partly because of the experimental difficulties encountered in

establishing a vibration-free impulsively-started steady flow
4

and partly because of the instrumentation required to measure

the transient quantities involved. In fact, the force that

acts on a cylinder in impulsive flow at relatively high

Reyrolds numbers has been measured directly only by Sarpkaya

[36,37] in 1968 and 1978.

Schwabe [32] used a circular cylinder with a radius of

C = 1.7 inches, and conducted his experiments in an open

water channel. The velocity of the cylinder was U = 0.328
04
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inches per second at a Reynolds number of about 600. Veloci-

ties were determined from the path lengths of particles sus-

pended on the water surface. Other quantities such as the

time rate of change of the difference of the square of the

velocities, rate of change of the circulation, and the radius

of curvature of the streamlinesneeded to calculate the drag

coefficient from the Bernoulli equation were all determined

by graphical methods. A careful examination of this work

indicates that a considerable amount of experimental error

may have existed in the evaluation of the pressures and,

therefore, in the resulting drag coefficient. (Schwabe's

drag coefficient is about twice the steady-state value and

still increasing, when the cylinder has moved about 9 body

radii.)

Bingham et al. [381 carried out a number of experiments

in a shock tube to observe the influence of Reynolds and iMach

number on the impulsive loading of a 0.5 inch cylinder for

Reynolds numbers in the range of 31,000 and 77,000 and the

Macl- number range of 0.15 to 0.4. The pressures were deter-

rnined from the density fields and the drag coefficients were

calculated by an integration of the pressures. The variation

of t:-e drag coefficient with UT/C, for a given set of Re and

Ma values and from one set of Re, Ma to another, is signif-

icant. These variations occur partly because of the growth

and shedding of vortices and partly because of different

'47
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rates of decay of the initially high pressure on the rear of

the cylinder due to passage of the two branches of the orig-

inal shock.

Friberg [39] quickly immersed a circular cylinder into

the steady and uniform free-stream flow field of a water

table. Asher and Dosanjh [40] conducted experiments in a

shock tube in a manner similar to that done by 3ingham et al.,

and cl.termined the characteristics of the wake. (For example,

the cosition of the vortices, their relative velocities and

Strouhal number). Their experiments suffered from the same

drawbacks as those of Bingham et al. Other than through

numerical simulation, there is no mechanical or traveling

shock system which is capable of generating a truly impul-

sive flow. Efforts to create impulsive or uniformly accel-

erated flow at high Reynolds numbers or accelerations in a

liquid medium may be hampered by the generation of compres-

sion and rarefaction waves and regions of intense cavitation.

These have been some of the difficulties of experiments with

impulsive flows.

i'arpkaya [37] recently repeated his previous work with

circlar cylinders using a water tunnel with considerably

more-sophisticated instrumentation, and simultaneously

measured both the drag and lift forces. Sarpkaya and Shoaff

[3,41] attempted to numerically simulate the evolution of the

early stages of motion through the use of the discrete vortex

model.
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They have shown that the drag coefficient in the initial

stages (UT/C = 4) of an impulsively-started flow can exceed

its steady value by as much as 30 percent. In the early

periods of the flow, vorticity is slow to diffuse and, there-

fore, accumulates rapidly in the close vicinity of the cyl-

inder. Although the growing vortex soon reaches unstable

proportions and separates from its shear layer, the growth

of thie vortices is so rapid that they become larger than

their quasi-steady-state size (at about the same positions)

before they separate from their shear layers. This leads to

the large drag coefficient observed in the experiments (see

Roos and Willmarth [42] for similar observations with spheres).

Shortly after the onset of asymmetry, the drag coefficient

decreases sharply and the lift coefficient begins to increase.

Subsequently, the lift coefficient oscillates with the fre-

quency of the shedding vortices, from the same side of the

cylinder.

In the subsonic to moderately supersonic velocity range,

the approximate flow similarity between the development of

the cross-flow with distance along an inclined body of uni-

form diameter and the development with time of impulsive

flow about a cylinder is known as the "cross-flow analogy."

This analogy was first suggested by Allen and Perkins [43]

in 1951. It has been subsequently used by many other

researchers to calculate the in-plane normal force and the

out-of-plane force (side force normal to the plane of flight)

26
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acting on slender bodies moving at high angles of attack. A

detailed discussion of the analogy, along with extensive meas-

urements for various nose shapes and body combinations, may

be found in Thomson and Morrison [44,45]; Thomson [46]; Bostock

[47]; Lamont [48]; Lamont and Hunt [49]; Wardlaw [SO]; and

Ericsson and Reding [S1].

A blunt-nosed cylinder, such as a submarine, at high angles

of attack generates a stationary asymmetric vortex array which

is similar to the Karman vortex street. Here, the approximate

time-space equivalence for the analogy is possible because the

vortices have an axial degree of freedom for their lift-off.

However, it must be pointed out that the analogy is far from

perfect. On a pointed slender body the first asymmetric

vortex pair originates at the apex and the analogy no longer

applies. Asymmetric vortices give rise to a coupling between

longitudinal and lateral degrees of freedom which is often

discontinuous and associated with hysteresis effects. Con-

sequently, the phenomenon ceases to be a simple two-dimensional

space-time equivalence and becomes a complex three-dimensional

fluid structure interaction problem. Additional discussion

and references for this and other types of time-dependent

flows are presented by Sarpkaya and Isaacson [52].

Because most of the past analytical and experimental

studies dealt with a circular cylinder attention herein has

been, thus far, primarily directed to impulsive flow about

that particular body. Very few studies exist regarding other

2 7



bluff bodies. Fage and Johansen [53], in 1927 and 1928, con-

ducted experiments with various bluff bodies, including the

evolution of flow about an inclined flat plate. From their

ingenious efforts it is known that vorticity is shed from the

two sides of an asymmetric body at the same rate and, that

the motion in a vortex sheet is steady near the body, except

possibly near the inner edge of the shear layers. They have

also provided detailed observations regarding the growth and

expansion of the shear layers.

In 1975, Sarpkaya [54], presented an inviscid flow model

of two-dimensional vortex shedding for an impulsively-started

flow over an inclined plate. This work was followed by Fink

and Soh [55] with a slightly refined version of the discrete

vortex model. Their analysis was confined to the early stages

of the vortex development and the calculations were not ex-

tended for sufficiently long times to examine the shedding

* of the vortices from the plate. Belotserkovski and Nisht [56]

presented the results of a discrete vortex model of flow over

a flat plate at large angles of attack. They did not describe

the details of their analysis. Their calculations resulted

in unrealistically large oscillations of the drag coefficient.

The early stages of the evolution of vortices from a flat

plate was studied by Wedemeyer [573. Subsequently, Pullin

[58] extended this work to flow past wedges at various in-

cluded angles. Telste and Lugt [59] examined the vortex

shedding from finned circular cylinders and found that the

k2



force coefficients are very sensitive to the numerical model.

However, they have not reported those force coefficients. Kiya

and Arie [60] attempted to extend Sarpkaya's work [54) by assum-

ing that the point vortices may be introduced at fixed points

near the tips of the plate. Their calculations resulted in

large fluctuations in the drag coefficient. This and the con-

jecture that the nascent vortices are shed from fixed positions

prevents realistic assessment of their results.

As noted before, numerous investigations have used the

Navier-Stokes equations, together with appropriate finite-

difference methods, and modeled the evolution of the wake

during the earliest stages of the motion. Unfortunately,

such calculations are limited to very small Reynolds numbers

(in the order of 100); partly because of problems encountered

with numerical instabilities and partly because of the size

limitations of the existing computers. Consequently, the

results of these studies cannot be compared with those ob-

tained experimentally at larger and practically more signif-

icant Reynolds numbers.

The work described herein has been conducted for the pur-

pose of providing data at significant Reynolds numbers for a

flat plate and for two cylindrical shapes which have not been

analyzed or tested previously. It is hoped that additional

numerical work will be undertaken in the future and will be

guided by the results presented herein.
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III. EXPERIMENTAL EQUIPMENT AND PROCEDURES

A. VERTICAL WATER TUNNEL

The experiments were conducted in a vertical water tunnel

(see Figure 1) which was previously used for the study of im-

pulsive flow about circular cylinders in 1977 [61]. A quick-

release valve located at the base of the tunnel is used to

create an impulsively-started flow of constant linear velocity.

A partial drawing of the mushroom-like seating surface of the

quick release valve is shown in Figure 2.

In order to prevent distortion of the force and moment in-

dications, the water-side profile of the mushroom valve has

been especially designed to ensure continuous undisturbed flow

past the seat while the valve is in any open position. As

shown in Figure 2, when the valve is closed, it is in the

fully up position. It seats against an '0' ring inserted on

the bottom of the seating surface so that no leakage is pres-

ent prior to initiating fluid motion.

The vertical position of the mushroom valve is controlled

by I three-way valve mounted beneath the tunnel (Figure 3).

The stem extends downward from the mushroom valve and is

directly coupled to the control valve piston assembly. Com-

pressed air is provided to the two air chambers in the upper

part of the valve. A two-way valve in the air supply line

provides on-off control of the quick release valve and,
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I. wo-Nay Rtr Supply Valve.

2. Gutck-Re'ease Valve (.nside the Base).

3. Moment indicating System.

4. Drag/'..fft Force Indicating System.

5. Front Rccess and Shadow Box.

Figure 1. Vertical Water Tunnel.
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therefore, the flow itself. A sight glass provides visual

monitoring of the fluid level during an experiment.

Upon opening the two-way air supply valve, the differen-

tial pressure between the two air chambers in the upper part

of the control valve initiates motion of the piston, rapidly

opening the mushroom valve. Thus, flow is initiated and the

fluid drains out into a reservoir beneath the tunnel. Subse-

quent valve motion is regulated by the vertical motion of the

piston in the lower part of the control valve and the viscos-

ity of oil in the liquid chamber. The area of the opening

(and consequently the amount of resistance which the piston

encounters) between the liquid chamber and the upper air

chamber can be varied by opening or closing the dual ports

in the piston (Figure 4). Oil viscosity and supply air pres-

sure can also be adjusted.

These adjustments allow constant velocities at desired

rates to be obtained. Following the rapid initial opening,

which accelerates the flow in 0.1 seconds or less, slower

further opening of the mushroom valve sustains a controlled

drop of the tunnel water level. This controlled slowdown of

the rate at which the mushroom valve opens, provided steady

flow velocities of about 0.9 feet per second for the experi-

ments described herein. No attempt was made to repeat the

experiments at other velocities.
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Figure 4. Three-Way Valve Piston Cross-Section (Not to Scale).
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B. VELOCITY, FORCE AND MOMENT MEASUREMENTS

Velocity was measured through the use of a variable resist-

ance probe. A five foot long platinum wire, placed vertically

in the tunnel and mounted away from the walls, provides tunnel

water level indication to an amplifier-recorder assembly.

Prior to conducting any experiments, impulsive flow was ini-

tiated several times. Adjustments to the quick release valve

control system were made, as necessary, to ensure a linear

slope on the elevation versus time plot on the recorder.

Velocity calibration settings were thereby verified. Addi-

tionally, for each run, a consistent water level of three

feet above the lower end of the platinum wire was visually

set using the installed sight glass. This enabled run to

run consistency of the velocity profile to be verified.

Figure S shows an example of the recorder output for velocity

measurement.

BLH Electronics 10 kg load transducers were used to mea-

sure the instantaneous lift and drag forces and moment on the

bodies tested. Special housings were built for each gage so

that they could be mounted on the tunnel at each end of the

test body. As shown in the tunnel photograph (Figure 1),

the moment was measured from one end of the test body while

the lift or drag was simultaneously measured at the other end.

The bellows protecting the strain gages were filled with Dow-

Corning RTV coating for water proofing and then the ends of

the bellows were sealed air tight.
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In order to measure drag or lift without affecting the

moment measurement, the test bodies were mounted in a self-

aligning bearing (Figure 6) whose housing was connected to

the force transducer. This allowed the test body to be

freely mounted (thereby permitting true moment indication

atthe other end) and accurately aligned. The bearing and

housing for the drag and lift gage assembly were also de-

signed to let the gage be rotated to either measure drag or

lift.

After mounting the test body, the force gage lift posi-

tion was determined by rotating the strain gage beam to the

vertical position and then hanging different loads from the

body. The lift position was fixed when a zero drag force

reading was obtained. The final position was marked with an

alignment hole, drilled through the indicating plate and

housing at the outer end of the assembly, at the top of the

vertical axis of the indicating plate (Figure 7). A set pin

was then placed in this hole to lock the gage in the lift

position. Another alignment hole, marking the drag position,

was drilled into the indicating plate exactly 90 degrees from

the vertical. Four bolts in the gage housing hold it rigidly

in place. Removal of these bolts and the set pin permitted

rotation of the gage to either the drag or lift position.

Then the pin is placed in the proper location to secure the

alignment accurately.
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At the moment side of the tunnel, the test body is con-

nected to another 10 kg load transducer. However, in this

case the load transducer acts as a connection to the strain

gage (torque-beam) which actually measures and transmits the

moment indications. As displayed in Figure 8, the water side

(front) of the connecting load transducer is secured to a

front mounting where an access hole through the beam housing

allows a set pin to lock or release the coupling for the body

mounting. This decouples the moment indicating system when

the test body's angle of rotation needs to be changed. This

set pin, reinstalled prior to testing, locks the test body to

the front mount and thus allows twist to be transmitted through

from the body.

The rear end of the connecting gage is placed on the torque-

beam mount and passes through a roller bearing support. This

support permits the connecting load transducer to twist under

the moment which may be experienced during the flow tests.

The torque-beam mount (Figure 9) serves as the support and

reference position for the torque load gage, another 10 kg

force transducer which responds to deflections caused by the

rotation of the rear end of the connecting gage. While the

front support of the torque transducer rests on the beam

mount, the rear support is attached to an adjustable support

bracket. By shifting the connection position along the sup-

port bracket, different orders of magnitude of moment can be

compensated for and, therefore, permit more accurate recording

and calibration.
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Prior to testing a new body, calibration of the drag and

moment transducers was conducted. Known loads of up to 2,000

grams were hung from the midlength of each body with the force

gage in the drag position. The amplifier-recorder attenuation

settings were adjusted and compared for each different load to

ensure consistency.

Similarly, the moment transducer was calibrated by securing

a clamp assembly, with a known moment arm, to the midpoint of

the test body and then hanging various known loads from the arm

to create test moment values. Calibration settings were checked

by filling the tunnel with water and recording the signal gen-

erated by the buoyant force. This signal was subsequently re-

moved by :eroing the strip chart recorder before an actual flow

test was conducted.

C. SUBMARINE-SHAPED TEST BODIES AND TESTING PROCEDURE

Three shapes, two cylinders and a flat plate, were tested

during this research project. All of the bodies were 23.85 in.

long. Figures 10a and 10b provide cross-sectional profiles

and dimensions for the 'D' and 'T' shapes, respectively. (Note

that the letters 'D' and 'T' are used as designations only and

do not necessarily define the shape of the cylinder cross-

section.) Each of these cylinders was constructed from solid

plexiglas, turned on a milling machine and then polished for

a smooth finish. The length of each cylinder was cut so that

a gap of approximately 0.06 in. was present between the tunnel

wall and each end.
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Aluminum mounts were constructed on a lathe and then coun-

tersunk and bolted into the cylinder ends so that the surfaces

were smooth and flush. The attachment at the drag and lift

end of each cylinder is round and compatible with the self-

aligning bearing. At the moment end, the cylinder attachment

is a flat cantilever beam which is compatible with the connec-

tion to the front mounting of the connecting gage for the

torque indicating assembly.

The flat plate (Figure 10c) was fashioned from steel plate

and polished to a smooth surface. Its attachments are similar

to those described above except for slots which hold the plate

bolted to them. Each body is prevented from moving laterally

toward either wall of the tunnel by t0 rings attached between

the cantilever ends of the cylinder mounts and the force trans-

ducer connections. (See Figures 6 and 8.)

By removing the various locking devices previously de-

scribed each test body can be rotated to various angles of

attack. Both of the cylinders have a small pin hole at the

top where an indicator fits for aligning the angle of rota-

tion at 5 degree intervals. The indicator was lined up with

the appropriate markings placed on the window surrounding the

drag and lift gage. The indicator was removed from the cyl-

inder shapes prior to testing. Flat plate angle of rotation

was set by using the knife-edge as a reference to the mar.-

ings on the window.

Each body was tested at various angles of attack for drag,

lift and moment measurement. At least three runs were conducted
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for drag anu lift, respectively, at each reference angle.

Therefore, six moment runs were generated at each reference

angle. Velocity was indicated by the elevation versus time

plot which was generated for every run.

Raw analog data was produced from the force and moment

transducers and the variable resistance probe by connecting

their outputs to individual Hewlett-Packard 7702B Recorder-

Amplifiers and then to a Gould 2600 Strip-Chart Recorder which

was operated at a speed of 50 mm per second for each run.

Figures 11 and 12 are examples of the strip-chart recorder

outputs for the T-shapcd cylinder and the flat plate, respec-

tively. Note that for the purposes of presenting these ex-

amples, and the example in Figure 5, chart speed was reduced

to 25 mm per second. Strip chart data was digitized using

a Hewlett-Packard 9874A Digitizer coupled to an HP-9845A

desktop computer. This analog data was processed in accord-

ance with the governing equations described in Chapter IV,

producing the graphical and tabular presentations of the

force-transfer coefficients included there and in the

appendixes.

D. FLOW VISUALIZATION

Motion pictures, at film speeds of 32, 48 and 64 frames

per second, were taken of the flow past the T-shaped body at

the zero reference position. The flow was filmed through the

window adjacent to the lift and drag gage housing. A plane

of light across the cylinder was provided through slits
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approximately one foot long cut into the front and rear walls

of the tunnel. Shadow boxes were attached externally to the

tunnel (Figure 1), into which were mounted high intensity

lights.

After ensuring that the water in the tunnel was calm,

polystyrene beads were dropped into the filled tunnel from

directly over the plane of the light through the cylinder

cross section. After allowing the beads to sink down to the

level of the cylinder, while continuing to add more, the quick

release valve was tripped to initiate the flow for the already

running camera.

Flow visualization efforts were restricted to the T-shaped

body because the view of the other shapes was obstructed by

the drag and lift gage housing and due to limited window area.
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IV. EXPERIMENTAL RESULTS

A. PRESENTATION

The experimental results (drag, lift and moment coeffi-

cients [Cd, Cl, and Cm, respectively] for the D- and T-shaped

cylindrical bodies; normal force coefficient [Cn] and the nor-

malized moment arm [X/Bj for the flat plate) are presented

primarily in graphical form. Plots of the force-transfer

coefficients versus an appropriate normalized displacement

have been provided. For the purposes of discussion in this

chapter, results are addressed, for a given body at a specific

angle of attack, with reference to specific figures which dis-

play the plotted information. Since not all of the large

volume of data are discussed herein, representative data

together with the remainder of the graphs have been assembled

in the appendixes by body shape and reference angle (angle of

attack). (For more specific information refer to the List of

Appendixes, p. 6).

With a few exceptions, each plot shows data obtained in

three separate experimental runs.

B. DEFINITION OF THE FORCE-TRANSFER COEFFICIENTS

The drag coefficient for the D- and T-shaped bodies is

defined as

Cd = DRAG FORCE (3)
pCLU2

'4l
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where C is the radius of the cylinder base circle; U, the

velocity of the ambient flow; L, the length of the body;

and p, the density of the fluid. Similarly, the lift coeffi-

cient for these two bodies is defined as

C1 = LIFT FORCE (4)
aCLU2

The moment coefficient is defined as

MOMENT
Cm - (5)

oLC
2 U2

The positive directions of drag, lift and moment, along with

the positive direction of angle of attack with respect to the

direction of the impulsive flow, are shown in Figures 13a and

13b. The normalized displacement for the D- and T-shaped

bodies is UT,/C.

For definition of force and moment coefficients for the

flat plate, a choice had to be made between seaprate lift and

drag coefficients and a single, normal force coefficient.

Since current literature on flow about flat plates often

refers to the normal force and the use of one coefficient

permits calculation of the lift or drag through the angle of

attack, it was decided to present the normal force coefficient

as

Cn FORCE NORMAL TO PLATE (6)
pBLU

2
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Figure 13a. Definition Sketch for' the U-Shaped Body.
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Figure 13b. Definition Sketch for the T-Shaped Body'.
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where B is one-half of the plate width (see Figure 13c). For

each angle of attack the lift and drag forces were separately

measured and vectorially combined to yield the normal force,

Fn, at the corresponding times. Only for 3 = 55 degrees, the

normal force was measured directly, by suitably rotating the

force transducer in order to compare the direct and indirect

(vector combination) methods of evaluating the normal force.

Information regarding the moment acting on the plate is

presented in terms of a normalized moment arm, X/B, which is

defined by

X _ MOMENT/Fn 7)
B B 1"

M,%OMENT/Fn represents the distance, X, from the centerline

axis of the plate to the point where the resultant normal

force acts (see Figure 13c). The normalized displacement

for the flat plate is UT/B.

Note that "angle of attack" is used synonomously with

"angle of rotation" as a reference position for the two cyl-

indrical bodies. As shown in Figures 13a and 13b, this should

not be confused with the angle of attack routinely associated

with an airfoil.

C. D-SHAPED CYLINDER

This body was tested at angles of attack of 0, :10, -20,

:30, _45 and, -90 degrees. The drag, lift and moment coeffi-

cients for the zero degree angle of attack are shown in Figures

14 through 15, respectively, as a function of UT/C, the
t4
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Figure 13c. Definition Sketch for the Flat Plate.
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normalized displacement of the fluid. By carefully control-

ling the flow mechanism in the vertical water tunnel, repeat-

able and nearly constant velocities were maintained. The

Reynolds number, Re = 2Uc/v, was, therefore, kept nearly con-

stant at Re = 27830 ± 270.

Dramatic effects are associated with the growth of the

first three or four vortices shed from the body following the

initiation of the impulsive flow. At the start of the motion,

the vortices grow rapidly and at a rate of growth such that

the vorticity accumulates to an amount far in excess of that

found in the later stages of motion. This excess vorticity

reduces the base pressure and causes a large drag overshoot.

As shown in Figure 14, the drag coefficient reaches a value

of slightly more than 1.6 with dual peaks in the region of

overshoot, extending from UT/C = 6 to 9. Following the shed-

ding of the second vortex (which can be estimated by studying

the plot of the lift coefficient, Figure 15), Cd drops rapidly

and assympotically reaches a mean value close to that of a

circular cylinder (in this case, Cd approaches a value of 0.8

for UT/C greater than 20). Although the experiments were not

extended to UT/C values larger than about 26, the indications

from the data in all cases are that beyond UT/C = 25 the drag

coefficient will not change further beyond the assymptotic

values.

For positive angles of attack the drag overshoot is also

present with Cd reaching values of 1.7 to 1.8. At negative
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angles of attack, however, the drag coefficient increases

further, to as high as 2.3 for 0 = -20 degrees. Note that

at negative angles of attack, the flat face of the body is

rotated toward the flow, presenting a sharp edge from which

immediate separation can occur. The higher Cd values at

negative angles of attack are, therefore, indicative of a

more significant accumulation of excess vorticity in the early

stages of motion (UT/C less than a value of about 11). (See

Appendixes B through J). Assymptotic values of the drag coef-

ficient for UT/C greater than 25 generally ranged from 0.8 to

1.4.

Figure 15 shows the variation of the transverse force as

a function of UT/C. At the start of the fluid motion the lift

force is directed toward the flat surface of the D-shaped body.

(In this case C1 is negative by the definition adopted here

and so is the lift force; see Figure 13a). Consequently, a

D-shaped submarine with the flat surface horizontal (i.e., a

level keel) is subjected to a negative lift force when pushed

downward and a positive lift force when lifted toward the free

surface. As displayed in Figure 15, the initial lift force

resulting from the impulsive fluid motion is negative. A sub-

marine turning (to the right or left) would thus be subjected

to a vertical force which tends to submerge the body for a

lateral displacement of UT/C less than about 6.

With reference to Figure 13a, the reasons for this behavior

may be explained as follows. At the start of motion the flow
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separates immediately at the sharp front edge of the flat

surface. A vortex forms and grows rapidly. On the round

face of the D-shaped (bottom side of the submarine), however,

the separation is not as immediate as on the top. Studies of

impulsively-started flows about circular cylinders have shown

tha' separation does not start until the relative displacement

(UT, -) reaches a value of about 0.35 [4,62]. A circulation is

imp sed on the flow about the body which is of equal strength

and 3pposite sign for each shed vortex. Therefore, a vortex

shed with a clockwise circulation from the top of the D-shaped

body (Figure 13a) imposes a counter-clockwise circulation on

the flow. As a result, the velocity increases and the pressure

decreases on the round face relative to the other side where

the vortex is first formed. The differential pressure creates

a transverse force directed from the flat face (top) toward

the center of the body. In other words, the lift force always

acts on a body in a direction away from the last shed vortex

and normal to the direction of the ambient flow.

The subsequent shedding of vortices results in an alter-

nat~ig transverse force as shown in Figure 15. For the zero

degree angle of attack, the lift force acting on the D-shaped

body fluctuates about a positive mean value. For all other

angles of attack the value of the mean lift force is slightly

smaller than that corresponding to the zero-degree angle of

attack (see Appendixes B through J).
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The phenomenon of vortex shedding is non-stationary in the

early stages of impulsive motion and consequently a single vor-

tex shedding frequency does not exist. An estimate of the fre-

quency was made from plots similar to Figure 15. Time intervals

between consecutive peaks of the lift coefficient curves were

used to derive a Strouhal number in terms of the period defined

by those time intervals. Analysis of Figure 15 shows that the

first two vortices shed from the D-shaped body, at zero degrees

angle of attack, correspond to a Strouhal number, S = 2fC/U, of

approximately 0.23. For other angles of attack, the Strouhal

numbers ranged from 0.19 to 0.24 with no particular correlation

to the specific direction or magnitude of the angle of attack.

It should not be inferred from the foregoing discussion

that the initial right or left turn of a D-shaped cylindrical

body will necessarily and always result in a force which will

tend to generate a diving motion. Other body- and control-

surface generated vortices will interact with the first vortex

resulting from the impulsive motion of the submarine's turn.

Although it was not the purpose of this investigation, anal-

ysis of the lift coefficient data presented herein indicates

that the turn of a submarine may result in a diving or rising

motion due in part to the impulsive cross-flow, the inter-

action of all vortices in the flow surrounding the body, and

partly due to the heel of the submarine during the turn.

Emphasis in this discussion has been placed on the separate

effects of impulsive motion on the underwater body.
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Figure 16 shows that the D-shaped body at zero degrees

angle of attack is subjected to a positive moment as defined

in Figure 13a. The direction of the moment could have been

inferred from the vectorial sum of the lift and drag forces.

Moment resulting from the impulsive flow tends to bank the

submarine in a direction opposite to the direction of heel

that normally occurs during the initial phase of the turn (a

submarine rolls inboard during a turn [64]). In other words,

that portion of the moment acting on the body which is created

by the impulsive cross-flow of the turn helps to stabilize the

heeling position of the body. It is important to emphasize

that the qualitative as well as quantitative understanding of

the forces resulting from the impulsive motion is valuable in

deriving a better overall understanding of all the forces

which determine the resultant motion of the body.

D. T-ShAPED CYLINDER

Figures 17, 18 and 19 are the plots of drag, lift and

moment coefficients, respectively, for the T-shaped body at

zero degrees angle of attack. Force and moment directions

and other geometrical details are provided in Figure 13b.

The Reynolds number, Re = 2UC/v, for the T-shaped cylinder

was kept within a range of Re = 24380 ± 240.

As in the case of the D-shaped body, the first vortex

develops on the side where geometrical symmetry is distrubed,

i.e., at the side of the protrusion. In the case of the D-

shaped cylinder, the disturbance is the flat face (at the top
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of the cylinder). On the T-shaped body geometric symmetry is

unbalanced by the presence of a flat-topped protrusion from

the top of the cylinder (see Figure 13b). Rapid accumulation

of vorticity (referring to the case of the T-shaped body at

zero degrees angle of attack) results in a large drag coeffi-

cient over a relatively long time period or relative displace-

ment (Cd = 2.2 at UT/C = 10.5). The terminal value of Cd in

Figure 17 appears to approach a value of 1.5. Comparison of

Figures 17 and 18 shows that the shedding of the second vortex

brings an abrupt reduction in the drag coefficient at UT/C = 11.

The development of the third vortex from the protruding side

of the cylinder again increases the drag coefficient to a rela-

tively smaller second maximum. Subsequent shedding of vortices

may be expected to result in smaller fluctuations in the drag

coefficient.

For increasing values of positive angles of attack (as

defined by Figure 13b), the assymptotic values of Cd are equal

to about 1.9 until the angle is increased to ±45 degrees where

the assymptotic value (for UT/C greater than 25) drops to 1.4.

(see Appendixes K through Y for the force-transfer coefficient

data at other angles of attack). It is interesting to note

that the secondary maximum of the drag curve persists for all

positive angles of attack and that for positive angles greater

than zero the drag force resulting from the development of the

third vortex (at UT/C of about 14 to 15) is greater than the

maximum reached during development of the first vortex.
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Assymptotic values of the drag coefficient for negative

angles of attack up to -45 degrees are all in the range of

Cd = 1.2. For 3 = -15 degrees and below, the large drag over-

shoot of the secondary maximum (third vortex development) per-

sists as it did for positive angles of rotation. This secondary

maximum disappears for negative angles of attack greater than

or equal to -20 degrees and, the drag coefficient character-

istics closely approximate those of a circular cylinder.

For zero degrees angle of attack, the initial lift force

direction is from the protrusion toward the axis of the cylinder

(negative lift) during the development and shedding of the first

vortex. This is a characteristic which is similarly exhibited

by the D-shaped cylinder. This phenomenon is clarified through

the study of the photographs depicting the evolution of the

first two vortices (see Figures 20-26). Note that each photo-

graph sequentially displays the formation and shedding of the

vortices for corresponding relative displacements. As seen in

Figures 20 through 24, the first vortex, emanating from the

protrusion on the T-shaped body, grows rapidly and then the

second vortex begins to grow on the opposite side of the cyl-

inder. Gradually the second vortex moves toward the down-

stream stagnation point. The first lift maximum occurs at

about UT/C = 5, which corresponds to Figure 22. This is the

instant at which the first vortex is still attached to (and

about to be separated from) its shear layer and, the second

vortex has not yet grown sufficiently.
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Ftgure 20. Flow About the T-Shaped Body at 0 dog. and UT/C -3.5.

p 70



Fftgure 2 1. Flow Rbout the T-Shaped Body at 03 dog. and UT/C -4. 1.
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Ffgure 22. Flow About the T-Shaped Body at e dog. and UT/C -5.0.



Figure 23. Flow About the 7-Shaped Body at 0 dog. and UT/C -~9
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Figure. 24. Flow About the T-Shaped Body at 0 dog. and UT/C -66
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Figure 25. Flow About the T-Shaped Body at 8 dog. and UT/C -7.1.
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FIgure 2S. Flow About the T-Shaped Body at 0 dog. and UT/C 7.8.
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In Figure 23, the first vortex begins to extend from the

shear layer as the separation bubble of the second vortex

(shed from the bottom of the body) has started to form. As

time or the relative displacement of the fluid progresces,

the second vortex grows and the lift coefficient passes through

Cl = 0 at UT/C = 8, as seen in Figure 26 (where the first vor-

tex is almost completely shed). At this point the circulation

contributed by the developed vortices is nearly in equilibrium.

Study of the subsequent frames of the motion pictures (not

provided herein) has shown that the second vortex reaches full

strength at UT/C = 10.3 and then the third vortex begins to

develop from the protruding side of the body (where the first

vortex was initiated).

As discussed in detail in connection with the D-shaped

cylinder at zero degrees angle of attack, the growth and motion

of the first vortex sets up a circulation about the body which

is equal in magnitude and opposite in direction to that of the

first vortex. This, in turn, results in a negative lift force

(directed from the protrusion or the flat surface toward the

axis of the body). The same result is evident for the T-shaped

body at zero degrees angle of attack (see Figure 18) for the

early stages of motion up to about UT/C = 10.

The foregoing statements regarding the initial lift char-

acteristics were true for all angles of rotation of the D-

shaped body. This does not imply that the same holds true

for the T-shaped body. A detailed analysis of the lift
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coefficient data presented herein provides a more complex lift

force action with exceptions to the general characteristics pre-

viously discussed, which are dependent upon the angle of attack.

Unlike the D-shaped cylinder, analog data from the force

transducer for the T-shaped body evidenced a brief but signif-

icant period of dynamic change of lift direction within the

immediate moments of the beginning of fluid motion. This

period is indicated by the first few data points for UT/C less

than 1 in Figure 18. Referring to Figure 13b and the remain-

ing lift coefficient plots in the appendixes, this brief per-

tubation in the lift data involves that time when the flow is

attached and nearly irrotational. For positive angles of rota-

tion less than +10 degrees and through all negative angles of

attack, the initial lift force at the very earliest instants

of fluid motion is positive. In these cases, the attached

flow on the side of the protrusion must have larger velocities,

hence lower pressures relative to the other side, and a small

positive lift force of brief duration results. At positive

angles of attack greater than +10 degrees, the initiation of

fluid motion results in a small negative lift force for about

the same relative displacement just described. Significant

rotation of the protrusion past the vertical and closer to

the approximate position of the downstream stagnation point

apparently changes the initial velocity characteristics so

that the higher velocity shifts to the bottom of the body and

the brief duration of potential flow is characterized by nega-

tive lift.
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While the presence of the protrusion on the body provides

a consistent reference for the asymmetrical disturbance of the

ambient flow, the direction and magnitude of the angle of

attack can also change the lift characteristics occuring during

the period when the first vortex is shed (relative displace-

ments of UT/C between 1 and 12). For all positive angles of

attack, the lift force, relative to the shedding of the first

vortex, begins with negative values (force directed from the

side of the protrusion toward the cylinder axis), indicating

that separation on the side of the protrusion dominates the

early stages of motion and the accumulation of vorticity. At

negative angles of rotation, however, where the protrusion is

rotated toward the flow, the reasons for strong, rapid genera-

tion of the first vortex on that side appear to be lessened

and the lift force changes direction. This is most evident

as the negative angle of rotation is increased beyond e = -20
degrees (see Appendixes W, X and Y). A careful examination

of the information provided by the plots of drag, lift and

moment coefficients for these angles gives some insight into

the 7ossible reasons for this change. A relatively steep in-

crease of the drag coefficient is evident, in each case, which

is directly related to the onset of asymmetry and separation.

The lift force is negative for UT/C smaller than about 10

during which time the first vortex grows at the side of the

protrusion. When the T-shaped cylinder was rotated from -20

to -25 degrees angle of attack, the lift force became positive
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after separation. The change in lift direction during the

early stages of motion was more evident when the angle was

increased from -30 to -45 degrees. Without further investiga-

tion through the use of flow visualization it is not possible

to confirm where separation first occurs. However, the effects

of circulation applied to the flow about the body as a result

of the shed vortices, as previously discussed, imply that a

clockwise circulation is present when the angle of attack is

about -25 degrees. This would lead to the tentative conclu-

sion that the vortex shed from the bottom (round face) of the

body is dominant at these angles of rotation for values of

UT/C up to about 10 or 12.

Two additional comments regarding the foregoing descrip-

tion of the lift force characteristics of the T-shaped body

with respect to the angle of rotation are appropriate.

First, the initial positive lift force generated at the onset

of fluid motion is very small and of such short duration that

it would have negligible effects upon the motion of an under-

water body, with this cross-section, undergoing an impulsive

turn. The discussion regarding this particular experimental

observation is presented here because it provides further ex-

perimental information relevant to the applications of poten-

tial flow theory. Second, the explanation of the shift in

direction of the initial lift force as a function of increas-

ing negative angles of attack is somewhat conjectural and re-

quires further experimental investigation, with detailed flow

visualization, for its substantiation.
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Unlike the D-shaped body, the shedding of the vortices

causes significant changes in the moment acting on the T-

shaped body (see Figure 19). This is due primarily to the

fact that the protrusion increases the available moment arm

whereas, with the D-shaped body, the flat face decreases the

moment arm. Consequently, underwater bodies with protrusions

are more likely to undergo larger amplitudes of moment fluc-

tuations as a result of an impulsive motion. This may give

rise to greater stability problems. Representative tabulated

data and plots of the force-transfer coefficients are pre-

sented in Appendixes K through Y.

Vortex shedding frequencies and the corresponding Strouhal

numbers for the T-shaped body have been examined in a manner

similar to that for the D-shaped body. It was found that S =

0.21 for zero degrees angle of attack. The Strouhal number

for all other angles of rotation varied from 0.13 to 0.21.

Decreasing Strouhal numbers, relative to the D-shaped body,

are in conformity with the general rule that the Strouhal

number decreases with the increasing degree of bluffness of

the body.

A summary observation is in order regarding the descrip-

tion of the characteristics of the forces acting on and the

vortices shedding from the D-shaped and T-shaped bodies.

First, the asymmetry of the body relative to the direction

of the flow removes the randomness from the position of the

growth of the first vortex. In the case of a circular
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cylinder the first vortex may form from either side, at random.

The introduction of a geometric deformity to the otherwise

axisymmetrical shape of the cylinder (such as a flat face or

a protrusion) fixes the direction of the lift force and the

position of the first vortex, in the early stages of the

motion (as evidenced by the data and their repeatability for

multiple runs). Second, an enlargement rather than a reduc-

tion of the otherwise circular cross section increases the

moment and accentuates the fluctuations of the moment due to

the vortex shedding. Furthermore, an increase in the bluff-

ness of the body, by the addition of a protrusion, decreases

the Strouhal number and hence the vortex shedding frequency.

Lastly, the interaction of the body and the vortices in the

early stages of the impulsive motion is such that a satisfac-

tory analytical model requires both the representation of the

shear layers by discrete vortices and, the evolution of the

time-dependent boundary layer. Future analytical efforts

should find t:.e d1-ta presented 'ere~n In:

tion and calibration. Although the results presented er-

were obtained at nearly constant and relatively low sub-

critical Reynolds numbers, the observations and conclusions

are not expected to differ significantly from those cited

above even at much higher subcritical Reynolds numbers. One

must add that the upper limit of the supercritical range is

not known for non-circular bodies and can be determined only

through painstakingly difficult experiments.
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E. FLAT PLATE

The geometrical characteristics of the flat plate and the

direction of the forces and moment acting on it are shown in

Figure 13c. The Reynolds number for this body was kept at a

nearly constant value of Re = 2UB/v = 20750 = 260. The results

are discussed with respect to two representative angles of

attack (9 = 90 and 55 degrees), in order to accentuate the

differences brought about by the shedding of the vortices on

the normal force coefficient (Cn) and the position of the re-

sultant force as defined by the normalized moment arm (X/B).

Figure 27 shows the normal force coefficient data for 9 =

90 degrees. As anticipated, the symmetric growth of the vor-

tices causes a large normal force coefficient to develop dur-

ing the early stages of the fluid motion. For UT/B larger

than about 12, Cn reaches a nearly constant value of about

2.2. With the plate positioned normal to the ambient flow,

the shedding of the vortices does not cause large fluctua-

tions in Cn.

Figures 28 and 29 are the plots of the normal force coef-

ficient for 9 = S5 degrees. The results shown in Figure 28

were obtained by summing vectorially the lift and drag forces.

DCta plotted in Figure 29 were obtained by measuring the

normal force directly, as described in Chapter 3. A quick

review of the two figures shows that they are nearly identical.

Thus the indirect method (vector sum) of evaluating Cn is free

from experimental errors within acceptable limits. This fact
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is further evidenced by Figure 30 where the results of two

representative runs for each method are superimposed.

Referring to Figure 30, at the early stages of fluid motion

Cn increases dramatically to values never before noted in the

relevant literature. The shedding of the first vortex at

about UT/B = 9 (also refer to Figure 31) brings abou. an

abrupt change in Cn. A subsequent maximum in the normal

force coefficient occurs at UT/B = 14, as a result of the

shedding of the second vortex. In fact, a flat plate at all

angles of attack, other than those where the plate is nearly

normal to the flow (0 = 80 and 85 degrees, see Appendixes Z

and AA) exhibited the largest Cn value at about UT/B = 14.

Within the range of relative displacement encountered

during these tests, Cn exhibits smaller fluctuations and

reaches nearly constant values for relative displacements

greater than UT/B = 14. The results of discrete vortex

analysis [54] for ® = SO degrees, show normal force coeffi-

cients with a maximum of 2.5. Constrasted with a value of

4, encountered at the corresponding angle of attack for

these experiments (see Appendix AD), the present experimental

evidence implies that the predictions of the discrete vortex

model are in need of further fine-tuning and correction.

The normalized moment arm (X/B) for an angle of attack of

35 degrees is shown in Figure 31. Clearly the fluctuations of

the moment arm are directly related to the shedding of the

vortices. Generally, the maximum absolute change in the
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moment arm decreases with a decrease in the angle of attack.

When the plate is nearly normal to the flow (a = 85 degrees

or more) the moment arm is reduced and remains closer to the

plate centerline. As evidenced by the data presented in

Appendix Z, at very large angles of attack, the normalized

moment arm and the normal force coefficient are noticeably

more sensitive to changes in the ambient flow conditions

than at smaller angles of attack. When the angle of attack

is reduced to less than 40 degrees the normalized moment

arm remains positive throughout the ranre of relative dis-

placement encountered herein and there is a significant

reduction in the fluctuations of X/B in response to the

vortex-shedding.

The analog traces of the lift force and moment and the

plots of the normalized moment arm were sufficient to identify

the vortex shedding times and to estimate the Strouhal number,

S = 2fB/U, for most angles of attack. For G = 55 degrees

(Figure 31) the Strouhal number was about 0.22. The Strouhal

number ranged from 0.14 at ® = 85 degrees to 0.25 at 0 = 40

degrees. Clearly, the Strouhal number decreases as the bluff-

ness of the body is increased, by increasing the angle of

attack. It is also important to note that the fluctuations

in moment acting on the flat plate are much more dramatic

than for either the D- or T-shaped bodies. This is partly

due to the fact that the vortex strength for a flat plate

is larger and partly because the sharp edges of the plate
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fix the separation points and increase the spanwise coherence

along the plate. For bodies without sharp edges, the separa-

tion points are mobile and there are often significant phase

shifts in pressure at the corresponding points along the

plate. This leads to a reduction in the spanwise coherence

of the vortices and hence to a reduction in lift forces.

F. RECAPITULATORY SYNTHESIS

The hydrodynamical behavior of the three bodies under con-

sideration may be compared relative to each other, relative

to that of a circular cylinder and, relative to analytical

or numerical results.

An extensive literature search and the perusal of the

most relevant works have shown that the analytical or numer-

ical methods are not yet in a position to describe the behav-

ior of the large scale motion in the wake of bluff bodies

subjected impulsively started flow. Solutions based on the

Navier-Stokes equations are limited to extremely small

Reynolds numbers and to relatively small displacements.

Solutions based on the discrete vortex method, or on its

variations, suffer from the problems associated with the

introduction of the nascent vortices, vortex excursions,

shear-layer instabilities, inaccurate representation of

viscous and turbulent dissipation of vorticity, and numer-

ous other numerical instabilities. The assumption of an

inviscid fluid imposes an unrealistically large number of
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conditions on the simulation of the behavior of a viscous flow.

It does not, therefore, appear that the numerical methods

applied either directly or indirectly (through the use of one

or more conformal transformations) are in a position to pre-

dict the force, moment and vortex-shedding characteristics of

bluff bodies in time-dependent flows even for the most manage-

able impulsively-started flow. Experiments must be carried

out to delineate the most important features of such flows

partly for practical purposes and partly, and perhaps more

importantly, for the purpose of providing physical insight

toward the development of analytical methods.

Of the three bodies, the T-shaped body had mobile separa-

tion points, the flat plate had clearly fixed separation
points, and the D-shaped body had at times only mobile separa-

tion points and at times both mobile and fixed separations,

depending on the angle of attack. In any case, however, the

D-shaped cylinder had at least two and as much as three sep-

S. aration points. It was for the purposes of accentuating the

effects of these three types of separations that these three

particular body shapes were chosen.

The results have shown that the fixing of the separation

point has numerous and yet incalculable consequences. The

vortex strengths are larger (as evidenced by the magnitude

of the force fluctuations), the spanwise coherence is in-

creased out of necessity, and the Strouhal number is reduced

partly because of the increase of the strength of the vortices

92

-S. : l!i ' ::F I]l I I i 1 - .. , - .



and partly because of the bluffness of the body. On the other

hand, a body with mobile separation points, with a preferred

position of initial separation (T-shaped cylinder), exhibits

relatively smaller drag overshoots and fluctuations of forces

and moment. The magnitude of the moment obviously depends on

the amount of protrusion relative to the base circle of the

cylinder shapes. The protrusion also fixes the direction of

the lift force in the initial stages of the motion. This then

is the basic difference between the impulsive flow on a circu-

lar cylinder and on a T-shaped cylinder, both of which have

mobile separation points. On a circuiar cylinder the side

from which the first vortex sheds is random and determined

primarily by small disturbances in the ambient flow. Fur-

thermore, the circular cylinder experiences little or no

moment. On a geometrically deformed cross section, as in

the case of the T-shaped body, the randomness is removed

from the shedding of the first vortex, the direction of the

lift is fixed and a moment is created. At large angles of

attack (e.g., -25 degrees) the T-shaped body may exhibit

three mobile separation points. This may lead to a change

in the direction of the initial lift force, but still does

not introduce randomness into the evolution of the lift

force.

For a body with mixed separation points, as in the case

of the D-shaped cylinder, the angle of attack plays a rela-

tively more important role in determining the flow characteristics.
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Once again the position of the first vortex and the direction

of the initial lift force are fixed on the side of the body

where the separation is fixed. A closer examination of this

and other bodies shows that any geometrical deformity which

precipitates the occurrence of separation necessarily leads

to a preferential shedding of the first vortex and to the

determination of all other features of the flow. On a cir-

cular cylinder the separation does not start immediately,

but at a fixed pertubation in the otherwise smooth circular

cross-section, separation of the flow takes place immediately.

Consequently, any physical disturbance imposed on the body,

be it a sharp edge, a rounded protrusion or a flat surface,

precipitates separation either relative to a circular cylinder

or relative to the undisturbed side of the body, and fixes

the rest of the history of the motion by removing any degree

of randomness.
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V. CONCLUSIONS

The experimental investigations of the impulsively-started

flow about a D-shaped cylinder, a T-shaped cylinder and a flat

plate resulted in the following conclusions:

1. Shedding of the first two or three vortices from the

D- and T-shaped cylinders produced a significant drag over-

shoot of as much as fifty percent.

2. Drag coefficients for the D-shaped cylinder assymptoti-

call' approached values in the range of 0.8 to 1.4 for UT/C

greater than about 20. For the T-shaped body, assymptotic

values of Cd ranged from 1.4 to 1.9. There were no signif-

icant fluctuations in the drag coefficients for these bodies

at relative displaccments beyond UT/C = 20.

3. Higher Cd values occur, for the D-shaped body, at

negative angles of rotation.

4. For the D-shaped cylinder the lift force direction is

negative during the early stages of motion, for all angles of

attack investigated here.

5. For the T-shaped body, at most angles of attack, Cd

reached a secondary maximum due to the development and subse-

quent shedding of the third vortex. This secondary maximum

is larger than that occurring during the earlier 3tages of

the motion.
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6. The lift force direction during the early stages of

impulsive motion about the T-shaped body is dependent upon

the angle of rotation relative to the ambient flow.

7. Asymmetry of a body relative to the direction of the

impulsive flow removes the randomness from the position of

initiation of the first vortex and fixes the initial direction

of the lift force acting on the body.

8. Asymmetric enlargement of an otherwise circular cross-

section increases the magnitude of the moment experienced by

the body and accentuates the fluctuations in that moment.

Moment fluctuations for the flat plate are more dramatic

than for either of the cylindrical bodies.

9. The maximum normal force coefficients for the flat

plate are significantly greater in magnitude, and in the ampli-

tude of fluctuations, than those predicted by the discrete

vortex model.

10. Strouhal numbers ranged from 0.19 to 0.24 for the D-

shaped cylinder, from 0.13 to 0.21 for the T-shaped cylinder,

and from 0.14 to 0.25 for the flat plate.

11. There are, at present, no reliable analytical techniques

which accurately predict the behavior of the impulsive flow

about bluff bodies. Those available have proven to be defi-

cient in one or more ways. Experimental measurements and

observations still form the basis for a comprehensive under-

standing of the behavior of impulsively-started flow about

bluff bodies.
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VI. RECOMmENDATIONS FOR FURTHER RESEARCH

It is recommended that additional research on impulsively-

started flow about bluff bodies be conducted in the following

area:

1. Impulsive flow tests of the three bodies presented

herein should be conducted at significantly different, and

preferably higher, Reynolds numbers.

2. Attempts should be made to determine the velocities

and vortex strength either through visualization or through

the use of a laser velocimeter.

3. The pressure distribution about the circumference of

the bodies should be measured and evaluated as a function of

time from the start of the fluid motion.

4. Extensive flow visualization photographs of the tests

on these bodies should be conducted with attempts to monitor

the flow for UT/C values of 100 or more. Accurate correlation

of the time-sequence of the photographs with the analog traces

of the forces and moments should be an important part of this

effort.

S. The present results should be extended to larger UT/C

values (in connection with the recommendation above) in order

to verify the assymptotic behavior of the drag coefficients

and to calculate the Strouhal numbers for larger times.
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6. The present study should be extended to different

cross-sections. Rectangular cylinders present the possi-

bility of multiple separations and reattachments of the flow.

7. The T-shaped body should be tested with its axis at

different angles of pitch to determine the effects of the

body vortices and the interaction of all vortices shed when

the body's axis is inclined other than normal to the flow.

8. These investigations should be expanded to cover gen-

eral three-dimensional bluff bodies, on which there is very

little or no research, save for the sphere.

9. The effect of ambient flow turbulence on the impul-

sively-started flow should be investigated in order to under-

stand the initiation of vortex asymmetry on axisymmetric bodies.

10. The foregoing investigations should be extended to

relatively more complex time-dependent flows where the velocity

varies as a known function of time or displacement in order to

understand the effect of the local acceleration of the ambient

flow on the vortex development and on the time-dependent

resistance.
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SPPENDIX Ps REPRESENTRTIVE DRTR FOR U-SHRPED 90DY RT 8 DEGREES

UT/C Cd UT/C C7 UT/C

.83 .a1 .a4 -.01 .83 8

.11 .85 .32 -.83 .54 .84

.63 .26 .85 -.12 1.87 .07
1.2 .48 1.39 -.28 1.61 .89
1.72 .67 1.93 -.55 2.13 .11
2.25 .85 2.47 -.81 2.68 .13
2.0 1 3 -1.04 3.21 .14
3.35 1.13 3.54 -1.17 3.73 .14
3.89 1.25 4.87 -1.18 4.26 .13
4.41 1.35 4.61 -1.85 4.8 .12
4.99 1.46 5.15 -.79 5.34 .12
5.5 1.56 5.69 -.39 5.88 .11
6.84 1.56 6.22 14 6.41 .11
6.6 1.35 6.79 .74 6.93 .11
7.13 1.34 7.31 1.3 7.49 .12
7.66 1.45 7.87 1.69 8 .13
9.21 1.55 8.4 1.83 9.53 .14
8.74 1.6 9.91 1.71 9.88 .1
9.27 1.57 9.45 1.47 9.61 .17
9.83 1.44 9.98 1.16 18.13 .17
18.37 1.28 18.53 .79 18.67 .17
18.92 1.07 I.86 .35 11.21 .16
11.53 .95 11.49 8 11.74 .14
12.82 1.82 12.18 -.3 12.27 .12
12.5 1.08 12.75 -.25 12.85 .1
13.01 1.14 13.31 -.87 13.45 .as
13.59 1.15 !3.8 .17 14.86 .B9
14.11 1.15 14.31 .57 14.65 .87
14.63 1.14 14.93 .94 15.23 .87
15.16 1.14 15.36 1.25 15.83 .87
15.68 1.14 15.8 1.45 16.39 .08
16.2 1.13 18.43 1.51 16.85 .89
16.75 1.82 16.95 1.43 17.31 .1
17.28 .95 17.5 1.29 17.9 .1
17.82 .92 18.84 1.11 18.35 .11
18.38 .88 18.57 .93 18.89 .11
10.93 .8 19.13 .72 19.36 .12
19.45 .74 19.8 .46 19.84 .11
19.96 .77 20.45 .29 20.35 .89
20.52 .77 21, .19 21 .88
21.83 .74 21.5 .16 21.69 .89
22.11 .77 22.01 .18 21.86 .87
22.66 .8 22.51 .25 22.4 .0?
23.21 .77 22.99 .34 22.94 .87
23.71 .79 23.46 .47 23.47 .8?
24.27 .79 23.97 .61 24 .87
24.81 .79 24.47 .74 24.53 .8
25.34 .76 25.82 .78 25.89 .17
25.87 .71 25.53 .8 25.58 .07
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RPPENDIX 9: REPRESCNTRTIVE DRTR FOR D-SHRPED BODY RT +10 DEGREES

UT,'C Cd UT/C Cl UT/C Cm

.11 .86 .06 -.03 .8 0

.54 .35 .33 -.09 .56 .1
1.89 .57 .96 -. 18 1.1 .15
1.59 .71 1.38 -.32 1.65 .16
2.15 .95 1.92 -.52 2.16 .16
2.7 .87 2.45 -.72 2.71 .17
3.23 1 2.97 -.84 3.22 .14
3.79 1.17 3.5 -. 94 3.79 .11
4.34 1.32 4.84 -.73 4.34 .07
4.9 1.44 4.50 -.47 4.89 .04
5.46 1.55 5.12 -.1 5.48 .82

6 1.69 5.63 .26 6.04 .82
5.53 1.66 6.19 .7 6.58 .A3
7.89 1.49 6.71 1.13 7.89 85
7.64 1.57 7.26 1.52 7.66 .86
8.17 1.65 7.79 1.81 9.21 .as
8.74 1.82 8.32 1.93 9.76 .86
9.31 1.73 8.86 1.88 9.3 .86
9.83 1.67 9.38 1.69 9.81 .85
10.36 1.94 9.92 1.36 10.37 .34
10.89 1.62 18.48 .95 10.94 .33
11.44 1.64 10.99 .4 11.48 .02
11.95 1.66 11.5 -.29 12.02 .02
12.52 1.73 12.83 -.94 12.53 A1
13.06 1.7 12.58 -1.36 13.89 .81
13.57 1.67 13.1 -1.5 13.52 .02
14.13 1.62 13. 62 -1.4 14.1? .A2
14.69 1.53 14.1? -1.1 14.7 .82
15.23 1.44 14.72 -.67 15.24 .02
15.77 1.37 15.29 -.1 15.77 .03
16.29 1.34 15.79 .5 16.29 .03
16.8 1.31 16.33 1.83 16.81 .04
17.34 1.32 16.89 1.35 17.32 .86
17.87 1.27 17.42 1.52 18.35 .07
18.41 1.22 17.95 1.55 17.84 .07
18.94 1.19 18.5 1.49 19.91 .07
19.49 1.19 19.81 1.36 19.44 .87
20.83 1.13 19.53 1.22 20.01 .8?
20.53 1.16 20.6 .99 20.52 .35
21.11 1.1? 20.61 .69 21.09 .A3
21.65 1.19 21.2 .4 21.69 .02
22.10 1.21 21.79 .14 22.24 .81
22.71 1.19 22.29 -.15 22.77 .01
23.2? 1.1? 22.92 -.39 23.33 .01
23.91 1.1 23.34 -.57 23.85 .82
24.35 1 23.89 -.68 24.41 .02
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APPENDIX Cs REPRESENTATIVE DATR FOR f-SHAPEDB ODY AT +2f DEGREES

UT/C Cd UT/C Cl UT/C C.

.87 .84 .86 -. 02 .85 a

.23 .12 .65 -.14 .53 .11

.76 .36 1.19 -.22 1.1 .16
1.3 .61 1.73 -.35 1.66 .21
1.84 .82 2.26 -.44 2.19 .2
2.4 .94 2.79 -.49 2.73 .15
2.93 187 3.34 -.47 3.27 .89
3.48 1.18 3.88 -.34 3.3 .82
4.84 1.41 4.41 -.21 4.37 -.83
4.59 1.62 4.95 -.04 4.99 -.85
5.16 1.72 5.48 .14 5.56 -.85
5.74 1.74 6.01 .34 6.87 -.84

6.26 1.68 8.55 .55 6.58 a
6.74 1.39 7.89 .77 7.16 .82
7.29 1.34 7.62 1 7.69 .83
7.03 1.44 8.16 1.16 8.24 .83
8.35 1.58 8.69 1.2S 8.77 .83
8.9 1.67 9.23 1.25 9.31 .83
9.43 1.7 9.77 1.15 9.87 .83
9.9? 1.68 10.31 .93 10.39 .02
10.51 1.59 10.83 .61 10.95 .82
l1.83 1.51 11.36 .18 11.5 .82
11.56 1.47 11.80 -.28 12.84 .81
12.1 1.53 12.48 -.74 12.57 .81
12.66 1.64 13.06 -1.83 13.11 8
13.22 1.69 13.59 -1.12 13.67 8
13.74 1.64 14.14 -1.83 14.22 8
14.27 1.57 14.71 -.84 14.77 a
14.8 1.5 15.24 -.55 15.31 .01
15.34 1.43 15.68 -.17 15.85 .82
15.87 1.38 16.21 .26 16.4 .82
16.4 1.36 16.74 .69 16.95 .82
16.95 1.36 17.28 1.01 17.49 .83
17.49 1.34 17.83 1.23 19.82 .83
16.82 1.34 18.37 1.32 18.59 .83
18.56 1.33 18.89 1.32 19.12 .83
19.1 1.36 19.44 1.22 19.65 83
19.64 1.37 19.96 1.84 20.22 .2
28.18 1.34 28.46 .8 28.7? .82
28.72 1.29 21.83 .52 21.32 .01
21.26 1.24 21.57 .21 21.5 .81
21.78 1.19 22.15 -.12 22.39 .81
22.33 1.19 22.73 -.41 22.94 .81
22.89 1.21 23.22 -.66 23.5 .81
23.45 1.21 23.74 -.85 24.83 .81
24.05 1.21 24.26 -.9 24.58 .81
24.56 1.18 24.81 -. 0 25.12 .81
25.14 1.16 25.35 -.79 25.68 .81
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RPPENDIX Ot RPENTRT1V~ DR FOR D-SHAPED BODY RT +30 DEGREES

UT'C Cd UTC C UT/C Co

.05 .3 .as -.03 .32 .89

.92 .57 .53 -.08 .5 .2

1.42 .77 1.86 -.16 1.89 .23

1.74 .69 1.61 -.23 1.64 .21

2.24 .81 2.15 -.34 2.16 .19

2.81 1.83 2.66 -.38 2.66 .12

3.35 1.31 3.2 -.3? 3.21 .34

3.89 1.53 3.72 -.37 3.76 -.02

4.43 1.7 4.25 -.36 4.29 -.84

4.97 1.74 4.81 -.39 4.83 -.34

5.51 t.64 5.33 -.45 5.36 -.84

6.84 1.57 5.86 -.52 5.89 -. 82

6.58 1.31 6.39 -.55 6.44 a

7.12 1.23 6.92 -.59 6.99 .81

7.66 1.23 7.45 -.59 7.5 .81

8.21 1.2 7.99 -.56 9.84 .81

9.74 t.L5 8.53 -.55 8.59 .31

9.29 1.86 9.86 -.49 9.13 .81

9.82 I.13 9.8 -.36 9.67 .a1

18.35 1.12 18.12 -.23 18.2 .91

18.9 1.12 18.66 -.37 19.73 .81

11.44 1.13 11.21 .1 11.26 .81

11.96 1.12 11.73 .21 11.81 .31

13.89 1.11 12.26 .3 12.34 .81

12.54 1.11 12.82 .36 12.86 .81

13.57 1.11 13.32 .39 13.41 .81

14.14 1.99 13.86 .36 13.97 .81

14.68 1.86 14.4 .33 14.49 .a1

15.21 1.95 14.94 .26 15.84 .81

15.74 1.05 15.45 .19 15.55 .a1

16.3 1.85 15.99 .14 16.11 .31

16.85 1.9 16.52 .86 16.64 .81

17.37 1.11 1?.96 a 17.19 .81

17.94 1.11 17.59 -.05 17.71 .81

18.46 1.1 19.16 -.1 18.26 .81

19.99 1.97 16.66 -.13 19.77 .02

19.53 1.95 19.24 -.14 19.31 .82

28.6 1.81 19.74 -.12 19.95 .82

29.6 .99 20.27 -.9 29.39 .02

2!.16 .97 26.8 -.85 20.94 .82

21.7 .97 21.34 .82 21.45 .62

22.23 .99 21.66 .8 21.99 .92

22.77 1 22.4 .14 22.54 .92

23.3 1.91 22.94 .21 23.96 .82

23.65 1.91 23.46 .26 23.59 .A2

24.39 1 24.91 .3 24.14 .02
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APPENDIX ft EPENTATIVE DATA FOR D-9HRPED BODY AT +45 DEGREES

UT/C C. UT/C Cl UT/C cm

.06 .84 .33 .19 .22 .86

.53 .23 .88 -.15 .77 .19

1.a6 .4 1.43 -.19 1.33 .22

1.59 .56 1.95 -.29 1.91 .2

2.15 .89 2.5 -.36 2.3? .16

2.7 1.14 3.84 -.49 2.89 .1

3.23 1.39 3.58 -.63 3.32 .06

4.31 1.72 4.7 -1.81 4.52 -. 82

4.88 1.69 5.24 -1.29 5.87 -. 82

5.41 1.63 5.8 -1.49 5.62 -. 81

5.93 1.69 6.3? -1.68 6.16 -. 81

6.5 1.63 6.95 -1.75 6.73 -.81

7.84 1.61 7.5t -1.69 7.26 -. 82

7.62 1.66 9.83 -1.52 7.84 -.82

9.14 1.69 9.55 -1.2? 9.37 -. 83

6.71 1.67 9.85 -. 92 6.9 -. 83

9.25 1.56 9.57 -. 4 9.41 -. 82

9.76 1.5? 18.13 .25 9.95 .81

18.32 1.41 18.66 .968 18.46 .83

18.9 1.42 11.22 1.2 18.99 .83

11.41 1.46 11.77 1.3 11.53 .83

11.93 1.52 12.32 1.2 12.86 .83

12.47 1.65 12.80 .99 12.59 .83

12.99 1.6 13.42 .69 13.14 .02

13.54 1.66 13.94 .32 13.69 .81

14.86 1.59 14.51 -.12 14.29 8

14.6 1.51 15.83 -. 53 14.79 -.81

15.13 1.42 15.56 -.87 15.31 -.81

15.67 1.35 16,81 -1.82 15.94 -.81

16.21 1.34 16.63 -1.03 16.37 8

16.76 1.35 17.2 -.92 16.9 8

17.28 1.36 17.75 -.72 17.43 a

L 17.82 1.39 16.31 -. 47 17.96 8

16.35 1.37 16.95 -.21 19.5 a

t6.8 1.34 19.37 .80 19.84 .81

19.46 1.31 19.67 .34 19.56 .02

28.81 L.26 20.42 .59 28.89 82

28.54 1.22 201.90 .79 28.62 .83

21.87 1.2 21.49 .67 21.15 .83

21.61 1.16 22.85 .89 21.71 .02

22.13 1.17 22.61 .95 22.25 .81

22.69 1.19 23.14 .76 22.77 .91

23.24 1.19 23.69 .62 23.33 8

23.79 1.16 24.24 .46 23.96 8

24.32 1.15 24.79 .33 24.41 a

24.66 1.12 25.32 .16 24.92 8

25.38 1.87 25.89 -.82 25.47 a
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RPEMID X FI REPREENTfTIVE DRTR FOR )-SHR. O BODY lT -10 DEGREES

UT-IC Cd UT.C C! UT.-C cm

.21 .as .5 -. 3 .86 a

.75 .12 .55 -.as .31 .82
1.27 .59 1.1 -.19 .91 .83
1.81 .96 1.84 -.38 1.39 .a4
2.34 1.16 2.17 -.6 1.92 .06
2.85 1.11 2.71 -.e9 2.46 .07
3.4 1.3 3.27 -1.16 2.99 .as
3.97 1.34 3.8 -1.35 3.51 .87
4.46 !.36 4.34 -1.46 4.a5 .87
5.81 1.42 4.89 -1.49 4.59 .87
5.54 1.46 5.43 -1.34 5.13 .a7
s.37 1.5 5.97 -1.05 5.66 .87
S.62 1.32 6.55 -.59 8.21 .87
7.14 1.32 7.89 -.31 6.73 .A
7.68 1.4? 7.59 .68 7.25 .a6
8.24 1.72 9.11 1.18 7.82 .37
9.76 1.91 8.64 1.43 8.33 .87
9.29 2 9.19 1.4 9.36 .8
9.82 1.92 9.72 1.26 9.93 .1
.38 1.75 18.27 !.As 18.46 .1

13.9 :.49 18.6 .83 18.96 .11
11.44 1.2 11.33 .5 11.52 .11
11.97 1.86 11.88 .84 i2.as .11
12.49 1.17 12.43 -.49 12.59 .11
13.81 1.25 12.95 -.84 13.12 .11
13.55 1.24 13.51 -.86 13.6 .1
14.2S 1.21 14.Z7 -.68 14.19 .A9
14.61 1.2 !4.64 -.33 14.74 .86
15.14 1.2 15.19 .12 15.26 .30
15.68 1.23 15.? .59 15.8 .07
16.22 1.29 16.21 .98 16.33 .A7

* 16.73 1.34 16.75 1.22 16.87 .86
17.26 1.37 17.26 1.28 17.4 .8

r6 17.8 1.37 17.83 1.24 17.96 .8
18.33 1.27 19.38 1.13 18.49 .89
19.86 1.2 18.92 .96 19.81 .a
19.4 1.2M 19.44 .75 19.58 .1
L9.94 .96 19.99 .54 28.09 .1
2a.47 .91 20.54 .31 29.63 .1.
21.31 .81 21.1 .89 21.14 .1
21.54 .78 21.65 -.87 21.96 .1
22.35 .7? 22.21 -.18 22.2 .1
22.59 .79 22.79 -.26 22.72 .1
23.13 .75 23.32 -.23 23.25 .9
23.68 .72 23.85 -.14 23.79 .89
24.19 .68 24.41 8 24.33 .as

W4
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X Go IREP RESENTRTIVE 1RTR FOR D-SHX )EDAODY RT -2fgXGRK:5

UTC Cd UTC C7 UTC CA

.05 .34 .8v -.a .8? 8

.54 .23 .54 -.85 .55 -. 1
1.87 .4? 1.86 -. 13 1.89 -.82
1.62 .73 1.63 -.26 1.83 -.82
2.19 1.19 2.15 -. 44 2.16 -82
2.74 1.41 2.69 -.67 2.71 -.81
3.22 1.53 3.25 -.98 3.26 .81
3.02 1.51 3.79 -1.24 3.79 .81
4.36 1.54 4.39 -1.41 4.32 .81
4.94 1.59 4.99 -1.53 4.84 .81
5.6 1.67 5.55 -1.36 5.4 .81
6.2 1.6 6.11 -1.46 5.94 .81
6.73 1.56 8.61 -1.24 6.5 .81
7.27 1.48 7.11 -.89 7.85 .81
7.83 1.39 7.59 -.46 7.56 .81
6.51 1.54 8.1 .14 6.11 8
9.16 1.8 8.65 .74 8.85 a
9.77 2.12 9.19 1.17 9.21 8
10.45 2.26 9.69 1.29 9.?4 8
11.54 2.3 18.26 1.17 10.29 8
11.56 2.26 18.8 .91 18.8 .81
12.81 2.86 11.31 .54 11.35 .82
12.37 1.71 11.66 .8s 11.87 .83
12.86 1.4 12.46 -.47 12.41 .03
13.36 1.28 13 -1.83 12.95 .83
13.67 1.37 13.54 -1.38 13.49 .83
14.39 1.44 14.02 -1.51 14.62 .83
14.91 1.42 14.62 -1.41 14.59 .83
15.49 1.37 15.16 -1.18 15.13 .82
16.85 1.36 15.76 -.86 15.66 .81
16.59 1.38 16.3 -.47 16.19 .81
17.13 1.44 16.78 .83 16.73 8
17.68 1.52 17.29 .5 17.27 -.81
19.25 1.56 17.62 .84 17.61 -.81
L1.79 1.62 19.36 1.85 18.35 -.81
19.36 1.67 16.9 1.14 16.9 8
19.64 1.59 19.45 1.12 19.44 8
28.31 1.46 19.97 1.82 19.97 .81
28.63 1.31 28.51 .84 28.5 .A2
21.37 1.14 21.84 .63 21.83 .A2
21.69 1.84 21.59 .43 21.59 .A3
22.44 .96 22.17 .16 22.11 .a3
22.99 .94 22.74 -.14 22.6? .03
23.53 .92 23.34 -.35 23.2 .84
24.8 .9 23.9 -.52 23.75 .04
24.61 .8 24.42 -.61 24.29 .84
25.19 .87 24.92 -.64 24.82 .84
25.7 .82 25.55 -. 8 25.37 .04
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PPNDZX Ho RE-REENTNTVE D'R FOR D-S!OPC 90YfrT -38l GREES

UT/C Cd UT/C cl UT/C cm

.8? .83 .86 -. 4 .85 8

.53 .13 .56 -.1 .4 -.86
1.95 .24 1.11 -.14 .75 -. 8
1.65 .61 1.64 -.18 1.12 -.as
2.17 1.88 2.19 -.35 1.63 -.8?
2.71 1.2 2.7 -.51 2.18 -.a6
3.24 1.68 3.24 -.77 2.71 -.05
3.79 1.83 3.8 -1.84 3.22 -.04
4.31 1.70 4.35 -1.29 3.79 -.a4
4.86 1.67 4.86 -1.52 4.31 -.84
5.39 1.7 5.42 -1.7 4.86 -.84

5.94 1.71 5.97 -1.78 5.4 -.04
6.48 1.81 8.52 -1.79 5.96 -.84
?.82 1.6 7.85 -1.64 6.48 -.84
7.56 1.81 7.58 -1.37 7.82 -. 84
8.1 1.62 8.14 -.98 7.58 -.84

6.63 1.46 8.69 -.44 8.13 -.84
9.19 1.37 9.22 .17 8.65 -. 84
9.7 1.52 9.77 .73 9.22 -.85
18.27 1.6 18.3 1.81 9.76 -. 85
18.77 2.81 18.86 1.86 18.27 -. 05
11.33 2.14 11.41 .3 18.8 -.85
S1.86 2.15 11.91 .66 11.34 -.86
12.4 2.89 12.46 .36 11.89 -.05
12.35 1.97 13.82 .11 12.43 -.35
13.49 t.?5 13.56 -.43 12.96 -.84
14.83 1.59 14.11 -.84 13.5 -.84
14.55 1.5 14.66 -1.23 14.84 -,83
15.13 1.54 15.17 -1.48 14.56 -.82
15.65 1.57 15.72 -1.6 15.11 -.82
16.19 1.53 16.25 -1.54 15.67 -.82
16.72 1.49 t.63 -1.32 IS.19 -.82
17.27 1.47 17.36 -1.83 16.74 -.83
17.82 1.46 17.94 -.62 17.29 -.83
10.35 1.46 18.47 -.26 17.84 -.03
18.86 1.5 19.8i .13 19.36 -.84
18.47 1.53 19.54 .41 16.91 -.85
19.9? 1.59 28.86 .56 L9.46 -.05
26.51 1.64 28.62 .87 28.81 -.85
21.84 1.67 21.14 .67 28.53 -.85
21.6 1.7 21.69 .65 21.86 -.85
22.14 1.64 22.25 .56 21.59 -.85
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FPCNDIX I, REPESENTRTZVE DATA VOR D-SHF"PD NCDY AT -45 Rs

UT, C Cd UT/C clUTI'C Co

.85 .84 .8 -. 83 .42 -. 13

.51 .24 .53 -.84 .99 -.14

1.86 .49 1.89 -.8? 1.49 -.15

1.56 .9 1.61 -.as 2.82 -.15

2.11 .74 2.13 -.18 2.61 -.15

2.S3 .72 2.68 -.31 3.15 -.14

3.16 1.21 3.17 -.44 3.66 -.14

3.71 1.4 3.66 -.55 4.25 -.14

4.25 1.51 4.22 -.63 4.79 -.13

4.8 1.7 4.76 -.73 5.32 -.13

5.38 1.97 5.36 -.9 5.9 -.12

5.92 2.086 5.9 -1.13 6.46 -.12

6.49 2.81 6.56 -1.37 7.82 -.11

7.3 2 7.19 -1.54 7.57 -.11

7.59 1.81 7.72 -1.68 8.15 -.1

6.12 1.63 e.21 -1.66 9.72 -.1

8.69 1.82 9.74 -1.58 9.24 -.1

9.29 1.75 9.34 -L.41 9.84 -.1

9.76 1.69 9.92 -1.15 10.46 -.1

:0.29 1.69 18.31 -.79 11.8i -.1

18.86 1.68 18.76 -.4 11.46 -.1

11.44 1.9 11.25 .a2 11.96 -. 11
11.92 1.67 11.75 .41 12.53 -.11

12.41 1.67 12.25 .7 13.11 -. It

12.94 1.73 12.7? .As 13.72 -.11

13.46 1.76 13.3 .84 14.24 -.11

14.81 1.79 13.e2 .7 14.77 -.11

14.33 1.93 14.37 .45 15.36 -.11

15.85 1.82 15.82 .11 15.9 -.11

15.58 1.78 15.67 -.29 16.4 -,11

16.87 1.67 16.25 -.68 16.93 -.11

16.59 1.6 16.69 -1.12 17.47 -.1

17.8 1.55 17.12 -1.44 17.94 -.1

17.61 1.52 17.61 -1.6 19.45 -.1

19.15 1.47 16.14 -1.59 19.99 -.8

18.69 1.44 19.7 -1.46 19.49 -.as
19.19 ..42 19.25 -1.26 20 -.89

19.72 1.39 19.81 -.94 28.53 -.a8
28.31 1.37 28.34 -.55 21.1 -.89

28.84 1.35 28.86 -.13 21.66 -.8

21.4 1.35 21.36 .16 22.2 -. 89

22 1.35 21.86 .43 22.7 -.8

22.56 1.33 22.37 .63 23.26 -.89

23.87 1.34 22.84 .75 23.61 -.89

23.62 1.36 23.36 .79 24.29 -.89

24.19 1.36 23.9 .76 24.75 -.as

24.89 1.37 24.44 .68 25.29 -.89
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APPENDIX J REPRESENTTrVE ArTA FOR V-SHAPED BODY AT -90 DEGREES

UT/C Cd UT/C C UT/C Ca

.86 .81 .87 -. 82 .07 a

.85 .19 .55 -.82 .52 a
1.39 .31 1.86 -. a2 1.a9 8
1.93 .4 1.62 -.81 1.59 8
2.45 .73 2.14 -.82 2.12 a

3 1.02 2.8? -.83 2.64 .At
3.53 1.29 3.2 -.85 3.19 .81
4.84 1.58 3.73 -.87 3.7 .31
4.59 1.66 4.25 -. 86 4.24 .A1
5.13 1.57 4.79 -.as 4.79 .81
5.67 1.44 5.33 -.11 5.29 8
6.21 1.38 5.84 -.13 5.81 .81
6.76 1.13 6.39 -.19 6.34 .81
7.29 1.14 6.93 -.24 6.99 .81
7.84 1.12 7.45 -.29 7.43 .31
8.36 1.13 7.99 -.32 7.94 .01
8.9 1.87 8.52 -.36 9.40 .31
9.42 1.83 9.87 -.38 9.82 .81
9.96 1.83 9.58 -.35 9.54 .81
18.49 1.83 10.12 -.29 10.86 .01
11.84 .99 10.65 -.23 18.62 .01
11.57 .96 11.2 -.16 11.12 .81
12.13 .96 11.71 -. 1 11.66 .82
12.67 .96 12.28 -.01 12.19 .82
13.19 .94 12.79 .89 12.72 .81
13.73 .92 13.32 .19 13.27 .01
14.26 .99 13.95 .29 13.76 .81
14.92 .86 14.39 .36 14.28 .01
15.36 .87 14.92 .41 14.93 .01
15.87 .85 15.45 .41 15.37 a
16.41 .95 15.96 .39 15.98 a
16.95 .83 16.53 .34 18.42 8
17.48 .8 17.05 .27 16.95 8
19.82 .78 17.6 .2 17.47 .81
18.55 .77 19.13 .11 19.81 .01
19.89 .75 19.65 .a3 19.55 .A1
19.62 .74 19.19 -.8 19.89 .81
20.17 .74 19.72 -.15 13.61 .81
28.? .72 20.24 -.21 20.13 .81
21.25 .71 20.77 -.24 20.68 .81
21.79 .69 21.31 -.25 21.13 .01
22.3 .7 21.85 -.23 21.72 .81
22.84 .67 22.39 -.17 22.27 .81
23.4 .64 22.91 -.1 22.79 .81
23.93 .62 23.43 -.81 23.32 .81
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FWM WIex Ks F3WSENTm'IvE DR FOR T-SMR'P BODY RT DE4ES

UT/C Cd UT/C cl UT/C ce

.61 .66 .24 .32 .61 .13
1.2 .65 .87 a .61 .13

1.95 .96 .87 -. 29 1.19 .21
2.44 1.14 1.46 -.35 1.64 .24
3.M6 t.51 2.66 -.56 2.51 .22
3.71 1.68 2.72 -.8 3.11 .19
4.29 1.82 3.34 -1.84 3.71 .17
4.92 1.79 3.83 -1.23 4.26 .14
5.54 1.79 4.5? -1.37 4.96 .12
6.14 1.91 5.2 -1.31 5.52 .14
6.77 1.97 5.9 -1.12 6.87 .16
7.4 1.69 6.42 -.61 6.7 .19
7.96 1.96 7.913 -.41 7.32 .21
6.61 1.95 7.64 .11 7.93 .24
9.27 2.8 6.27 .79 6.56 .26
9.83 2.1 9.88 1.55 9.2 .33
10.46 2.17 9.51 2.87 9.62 .33
11.03 2.22 10.13 2.29 18.37 .35
I1.67 1.97 118.79 2.18 11.81 .35
12.29 1.72 1.52 1.65 11.6 .3
12.9 1.51 12.21 1.43 12.17 .25
13.4a 1.54 12.76 .95 12.79 .21
14.13 1.6 13.29 .32 13.41 .16
14.74 1.76 13.91 -. 26 14.82 .11
15.33 L.92 14.52 -.56 14.62 .89
15.91 1.94 15.1 -.63 15.24 .11
19.6 1.09 15.79 -.56 L5.02 .17
17.19 1.79 19.42 -.32 16.44 .24
17.79 1.76 16.97 8 17.87 .29
16.42 1.73 17.54 .39 17.66 .32
19.81 1.76 16.15 .76 19.26 .34
£9.53 1.71 16.76 1.66 16.89 .35
28.21 1.66 19.38 1.31 19.46 .33
28.85 1.59 19.96 1.44 28.1 .32
21.46 1.53 20.82 1.45 26.72 .3
22.11 1.53 21.25 1.37 21.35 .29
22.66 1.49 21.65 1.22 21.95 .23
23.32 1.46 22.46 1.81 22.52 .22
23.93 1.45 23.11 .74 23.11 .21
24.52 1.49 23.75 .39 23.77 .2
25.13 1.47 24.43 .83 24.36 .21
25.79 1.43 25.1 -.35 24.97 .22
26.38 1.41 25.7 -.6 25.59 .22
27 1.43 26.22 -.74 26.2 .23

27.59 1.41 29.79 -.9 25.62 .24
20.25 1.35 27.44 -.77 27.43 .24
2085 1.44 29.66 -.69 27.99 .24
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fJx Ls REPREWA PVED DR FOR T-YRPT0DCY_.T G

UT/C Cd uT,'C cl U,,c C.

.39 .44 .L4 .86 .6 .22
1.53 .64 .61 -.05 1.62 .16
2.65 1.81 1.22 -.4 2.24 .12
2.74 1.26 1.N -.6 2.65 .M
3.32 1.43 2.45 -.et 3.46 .85
3.93 1.55 3.1 -. 8 4.23 .84
4.56 1.72 3.69 -t.M 4.63 .86
5.21 1."6 4.33 -1.13 5.25 .L3
5.63 2.87 4.97 -1.11 5.36 .22
6.48 2.22 5.56 -. 88 6.46 .26
7.8B 2.22 6.L5 -.67 7. 1 .29
7.67 2.11 6.81 -.68 7.69 .29
8.29 1.99 7.4L -.43 6.35 .32
6.9 1.97 6.84 8 6.92 .34
9.54 1.86 6.65 .5 9.54 .35
18.2 2.86 9.24 1.81 18.16 .35
16.77 2.35 9.8 1.54 18.62 .35
11.39 2.56 12.46 1.67 11.41 .33
12.83 2.64 t.8M 1.96 IL.34 .33
12.66 2.69 11.71 L.82 12.64 .32
13.29 2.56 12.35 1.45 13.16 .32
13.91 2.44 12.97 .61 13.82 .31
14.5 2.36 13.58 0 14.43 .29
15.12 2.33 14.16 -. 96 15.63 .26
15.;3 2.35 14.79 -1.73 15.65 .26
16.34 2.41 15.4 -2.2 16.23 .25
16.96 2.32 15.93 -2.32 L6.84 .25
17.6 2.3 16.66 -2.12 17.46 .26
16.23 2.21 17.27 -1.72 19.87 .26
1.3.5 2.11 17.91 -1.19 16.69 .26
t9.49 2.82 16.48 -.67 19.26 .29
28.1 1.9 19.11 -.12 19.91 .3
28.72 L.8 19.74 .42 28.53 .32
21.34 1.74 23.34 .8? 21.16 .32
21.96 1.71 26.94 1.29 21.76 .3
22.59 1.65 21.82 1.83 22.35 .27
23.19 1.61 22.22 t.6 22.95 .28
23.83 1.59 22.8 1.94 22.56 .24
24.40 1.55 23.45 1.76 24.19 .23
25.85 1.53 24.09 1.55 24.61 .23
25.68 1.51 24.65 1.27 25.42 .24
26.3 1.52 25.26 .91 26 .25
21.93 1.52 25.9 .44 2.62 .25
27.5 1.53 26.47 -.83 27.22 .24
26.17 1.54 27.t -.45 27.64 .22
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FEMIX M REPREE3CRTIVE Dr"R FOR T-HAPV 9ODY T +18 DEZGIE9S

UT'C Cd UT, Cl UT/C ce

.62 .1? .24 -.As .39 .84
1.2, .22 .88 -. 18 1 .85
1.87 .82 1.46 -.51 1.63 .87
2.43 1.17 2.1 -. 61 2.23 .w
3.87 1.33 2.74 -. 77 2.85 -. 81
3.69 1.62 3.36 -. 97 3.45 -. 83
4.36 2.85 4 -.9 4.89 -.a3
5.02 2.37 4.62 -1.14 4.69 .83
5.77 2.42 5.29 -1.36 5.29 .15
6.42 2.35 5.97 -1.62 5.92 .24
7.89 2.41 8.69 -1.73 6.54 .24
?.76 2.38 7.3 -1.7 7.11 .23
8.25 2.1 7.86 -1.53 7.72 .22
8.97 2.24 8.4 -1.35 8.36 .24
9.42 2.12 9 -1.89 9.81 .25
9.97 1.96 9.61 -. 74 9.6 .25
18.54 1.91 18.24 -.33 18.2 .27
11.14 1.87 18.05 .As 18.83 .27
11.78 1.86 11.49 .43 11.42 .26
12.4 1.91 12.11 .73 !2.83 .29

13.83 2.81 12.75 .93 12.72 .29
13.62 2.26 13.34 1.83 13.31 .29
14.25 2.13 13.97 .99 13.85 .29
14.8 2.16 14.62 .86 14.51 .29
15.48 2.13 15.24 .61 15.11 .20
16.89 2.87 15.66 .31 15.72 .26
16.71 1.99 16.5 -. 34 16.34 .27
17.29 1.97 17.19 -. 41 16.93 .25
07.86 1.94 17.86 -.75 17.57 .24
18.52 1.83 18.59 -1.34 16.15 .23
19.13 1.84 19.19 -1.26 19.76 .22
19.73 1.86 19.82 -1.4 19.4 .22
20.35 1.89 28.5 -1.44 19.96 .23
21.81 1.96 21.13 -1.38 28. 1 .23
21.62 1.8 21.71 -1.16 21.22 .24
22.21 1.66 22.2 -.91 21.83 .24
22.84 1.8 22.76 -.i6 22.45 .23
23.45 1.59 23.36 -.33 23.5 .24
24. 4 1.6 23.99 .82 23.67 .24
24.73 1.63 24.61 .35 24.27 .24
25.3 1.65 25.24 .85 24.99 .25
25.93 1.7t 25.83 .86 25.5 .26
26.58 1.76 26.47 1.83 26.1 .26
27.2 1.82 27.89 1.86 26.71 .29

27.83 1.83 27.74 1.83 27.33 .2?
26.46 1.84 26.39 .95 27.85 .2?
29.14 1.61 26.93 .86 28.56 .25
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TIXN ME TRTVE URrR FOR "-SHPC 90Y AT .15 REE

UT,'C Cd UT/C cl UT/C ca

.31 .33 .13 -. 17 1.65 -. 05
1.2 .55 .61 -. 22 2.46 -. 94
1.9 1.34 1.21 -. 27 3.0? -. 05
2.44 1.23 1.63 -.56 3.7 -. 85
3.8 1.51 2.44 -. 63 4.32 .05
3.62 1.77 3.86 -. 96 4.93 .17
4.24 2.12 3.71 -1.11 5.57 .2
4.85 2.52 4.33 -1.27 6.2 .19
5.46 2.54 4.96 -1.46 6.6 .19
6.12 2.46 5.61 -1.63 7.39 .19
6.66 2.42 6.16 -1.65 7.97 .19
7.3 2.44 6.6 -1.53 9.23 .2

7.85 2.31 7.41 -1.41 6.64 .2
6.51 2.25 6.83 -1.17 9.69 .21
9.16 2.13 6.65 -.9 18.52 .21
9.75 2.84 9.21 -. 57 11.14 .23
18.36 2.85 9.06 -. 22 11.73 .20
11 2.82 18.51 .16 12.31 .29

11.6 2.86 11.13 .51 £2.91 .27
12.19 2.2 11.71 .68 13.56 .27
12.6 2.33 12.32 .79 14.l6 .29

!3.42 2.39 12.96 .77 14.61 .26
14.83 2.43 13.59 .56 15.45 .25
14.6L 2.42 14.17 .37 1.8 2 .22
L5.26 2.33 t4.79 .1 16.61 .2
15.65 2.24 15.43 -. 2 17.26 .2
16.45 2.11 16.81 -.51 17.69 .2

" 17.85 2.84 16.67 -. 64 11.53 .21
17.68 2.83 17.27 -1.12 19.15 .21
10.3 2.81 17.85 -1.21 19.72 .21
16.91 2.85 18.52 -1.27 28.35 .22
19.54 2.82 19.1 -1.15 28.97 .22

* 28.11 2 19.73 -.96 21.56 .22
28.69 1.96 28.36 -.74 22.19 .21
21.32 1.93 28.99 -. 46 22.92 .2
21.94 1.66 21.61 -. 22 23.43 .2
22.52 1.84 22.2 .5 24.83 .22
23.11 1.8 22.84 .31 24.64 .23
23.6 1.74 23.46 .5 25.29 .24

24.37 1.75 24.8? .64 25.66 .25
24.99 1.76 24.6? .69 26.55 .25
25.83 1.63 25.31 .64 27.16 .24
26.2 1.86 25.93 .53 27.76 .23

26.79 1.86 21.52 .36 26.39 .23
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EPPDMIX o, REPrErTw DmR FR T-SHDY wR +2S

UT/C Cd UT/C Cl UT/C Ca

.48 .14 .12 -. 24 .47 -. as
1.87 .4 .2 -. 21 1.r7 -. 1
1.87 .77 1.28 I 1.7 -. 83
2.3 .96 1.99 -. 42 2.34 -. 87
2.86 1.41 2.52 -. 48 2.9 -. 87
3.5 1.57 3.8 -.58 3.32 -.87
4.13 2.8t 3.70 -.62 4.80 .83
4.73 2.25 4.37 -1.13 4.69 .14
5.41 2.31 5.82 -1.49 5.31 .17
a.83 2.29 5.87 -1.81 5.93 .16
8.64 2.34 8.29 -2.83 8.55 .15
7.32 2.5 8.9 -2.19 7.13 .17
7.95 2.56 7.58 -2.2 7.74 .19
9.58 2.6 8.17 -2.11 9.35 .21
9.15 2.39 6.85 -1.8 8.96 .21
9.86 2.14 9.53 -1.29 9.81 .2
18.29 2.86 18.83 -.75 18.16 .19

18.87 2.85 18.87 -. 17 18.?7 .17
11.48 2.84 11.29 .44 11.35 .19

12.1 2.24 11.92 .92 11.98 .25

12.79 2.40 12.55 1.27 12.62 .3

13.45 2.2 13.10 1.38 13.21 .3
14.16 2.74 13.76 1.27 13.83 .31
14.7 2.75 14.44 .91 14.43 .3

15.35 2.67 15.87 .45 15.82 .29
15.92 2.45 15.71 -.15 15.62 .27

18.4 2.28 16.33 -. 95 18.23 .23
17.83 2.24 16.96 -1.51 18.63 .22
17.85 2.29 17.5 -1.95 17.42 .22

48.19 2.24 19.16 -2.13 10.83 .23

19.77 2.17 19.85 -2.12 16.64 .24

19.35 2.17 19.5 -1.3 19.25 .25

19.93 2.15 28.21 -1.84 16.67 .26

28.5 2.13 28.81 -1.22 28.47 .28

21.13 2.86 21.37 -.74 21.06 .25

21.7 1.93 21.96 -.21 21.7 .23
22.28 1.37 22.81 .34 22.23 .21

22.8 1.98 23.23 .82 22.91 .22

23.52 1.9 23.84 1.14 23.40 .25

24.1 1.97 24.46 1.35 24.86 .27

24.7 1.88 25.11 1.39 24.7 .29
25.26 2 25.79 1.32 25.29 .27

25.94 2.61 26.39 1.11 25.94 .29

29.51 1.97 27 .82 29.51 .29

27.14 1.79 27.85 .49 27.12 .20

27.73 1.65 23.3 .1 27.75 .24

29.39 1.51 2.9 -. 33 29.32 .21
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APENIX PI RPSETTIVE DAT FOR T-S'ffo BMWY AT +25 DCGMES

UT/C Cd UT'/C CI UT/C Ce

.63 .26 .13 -. 46 .91 .2
1.29 .3 .40 -. 31 .92 -. 23
1.98 .3a 1.63 .21 1.1 -. 45
2.42 1.26 1.73 -. 25 1.65 -. 38
3.83 1.93 2.34 -. 31 2.31 -. 13
3.65 2.n 2.84 -. 42 2.83 -. 15
4.26 2.24 3.52 -. 6 3.53 -. 84
4.91 2.1 4.15 -. 91 4.13 .89
5.5 2.85 4.77 -1.2 4.77 .15

6.12 2.14 5.37 -1.39 5.34 .1
h. ,76 2.22 6.3 -1.55 5,94 .1

7.36 2.26 6.65 -1.73 6.59 .14
7.86 2.24 7.39 -1.81 7.16 .17
3.54 2.89 O.86 -1.96 7.81 .2
9.18 2.85 6.61 -1.79 9.4 .22
9.8 2 9.11 -1.44 9 .25

18.41 1.91 9.64 -1.64 9.63 .24
11.M 1.66 18.27 -.55 13.27 .16
11.65 2.11 13.65 .81 10.6 .15
12.24 2.27 11.49 .62 11.43 .17
12.6 2.42 12.87 1.8 12.84 .24
13.51 2.49 12.87 1.3 12.69 .29
14.12 2.49 13.29 L.27 13.27 .31
14.72 2.37 13.66 1.83 13.69 .31
15.35 2.16 14.5 .67 14.51 .31
15.91 2.N 15.13 .21 15.14 .31
18.55 2.83 15.75 -. 29 15.68 .26
17.19 2.13 16.36 -. 89 19.34 .23
17. 2.25 19.90 -1.5 16.94 .19

19.39 2.26 17.59 -1.99 17.52 .21
19.81 2.26 16.17 -2.22 19.17 .23
19.9 2.25 19. -2.23 18.76 .26

20.23 2.17 18.42 -1.66 19.37 .28
29.01 2.0 28.83 -1.6 19.97 .31
21.42 1.87 26.83 -1.87 26.53 .31
22.87 1.93 21.22 -. 5 21.22 .26
22.16 1.66 21.92 .12 21.6 .23
23.32 1.66 22.46 .69 22.36 .21
23.81 1.66 23.8 1.37 23.34 .23
24.52 1.66 23.5 1.23 23.64 .26
25.13 1.66 24.26 1.34 24.31 .27
25.73 1.05 24.6 1.24 24.9 .29
23.31 1.91 25.51 .97 25.5 .31
26.86 1.66 26.11 .71 26.N .31
27.57 1.72 26.72 .36 23.8 .3
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RPPNDIX Go p TVC VDAT EOR T"I-6_H:FD O AT +36 9DGREES

___Cd 
UT/C 2Cl UT/C

.39 .16 .t2 -. 6 .9 -. 43

1 .3 .66 -.29 1.65 -.42

1.81 .56 .95 .27 2.29 -.22

2.23 1.11 1.25 -.14 2.63 -.19

2.64 1.36 1.6 -.34 3.4? -.87

3.49 1.86 2.46 -.37 4.1 .99

4.86 2.2 3.84 -.44 4.74 .1

4.76 2.24 3.67 -.93 5.36 .08

5.43 2.L4 4.27 -.92 5.97 .1

6.86 2.19 4.86 -1.15 6.56 .14

L6.9 2.36 5,47 -1.29 7.22 .21

7.33 2.45 6.86 -1.47 7.66 .25

7.95 2.42 6.72 -1.62 6.47 .25

8,44 2.24 7.38 -1.69 9.86 .24

9.5 2.13 7,94 -1.66 9.66 .16

9.69 1.94 6.55 -L.55 18.29 .1

18.31 1.91 9.14 -1.34 18.93 .12

18.92 2.12 9.74 -1 11.53 .21

11.52 2.4 18.39 -.45 12.14 .24

12.14 2.50 18.96 .2 12.61 .25

12.79 2.71 11.59 .75 13.42 .29

13.43 2.7 12.19 .99 14.83 .24

14.82 2.46 12.81 1.83 14.65 .24

14.S3 2.3 13.41 As6 15.26 .2

15.24 2.86 14.81 .59 15.9 .17

4- 15.86 1.95 14.64 ,19 16.53 .17

.6.49 2 15.24 -. 23 17.14 ,22

17.413 2.1 15.84 -. 76 !?.77 .29

17.74 2.22 16.49 -1.3 16.42 .33

19.35 2.23 17.a5 -1.75 19.86 .30

19.96 2.22 17.82 -1.96 19.66 .36

19.50 2.15 10.3 -1.9e 28.26 .31

28.16 2.86 16.$ -1.31 28.65 .22

28.62 1.96 16.51 -1.46 21.46 .16

21.48 1.91 28.13 -1 22.09 .15

22.87 1.96 20.73 -. 41 22.73 .15

22.6? 2.83 21.32 .16 23.31 .17

23.31 2.1 21.93 .73 23.83 .1

23.9 2.17 22 3 1.12 24.6 .24

24.54 2.21 23.14 1.23 25.22 .27

25.14 2.2t 23.6 1.21 25.63 .26

25.76 2.81 24.37 1.86 26.44 .22

26.39 1.63 24.97 .91 27,84 .19

27 1.71 25.61 .53 27.69 .17

27.65 1.59 26.21 .24 26.33 .16
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•PPENDIX Ro REPRESENTRTIVE DRTR FOR T-SHRPED BODY RT +45 DEGREES

UT/C Cd u, c! UT/C cc

.4 .14 .28 -. 9 .66 -.as
1.02 .29 .63 -. 53 1.28 -. 41
1.67 .53 1.07 .36 1.84 -.24
2.27 1.25 1.86 -. 35 2.5 -. 15
2.88 !.5 2.48 -. 5 3.12 -. 3
3.48 1.72 3.1 -.77 3.76 .09
4.15 1.88 3.73 -1.07 4.4 .17
4.78 1.83 4.38 -1.39 5.81 .24
5.4 1.87 5 -1.84 5.64 .29
5.99 1.97 5.82 -1.79 8.2? .38
6.68 2.13 6.25 -1.87 6.9 .46
7.27 2.21 6.86 -1.94 7.52 .40
7.88 2.11 7.46 -1.68 8.18 .38
8.49 1.94 8.87 -1.38 8.7S .22
9.12 1.93 8.69 -.87 9.41 .as
9.77 2.31 9.33 -. 09 9.86 .A5
10.48 2.61 9.93 .77 18.33 .14
11.1 2.72 18.59 1.43 10.93 .18
11.74 2.63 11.19 1.58 11.32 .21
12.37 2.36 11.79 1.34 11.94 .24
12.9 1.95 !2.42 .94 12.59 .24

13.51 1.69 13.85 .45 13.17 .18
14.14 1.71 13.65 -. 11 13.8 .18
14.74 1.85 !4.2S -.79 14.41 .22
15.38 1.83 14.9 -1.45 15.A4 .23
15.98 1.81 15.52 -1.9 15.65 .26
16.62 1.81 !6.13 -2.84 16.35 .28
17.26 1.82 16.75 -1.93 16.92 .29
17.85 1.8 17.41 -1.63 17.59 .26
18.49 1.74 17.98 -1.18 18.26 .21
19.39 1.71 18.61 -. 56 18.82 .14
19.75 1.73 19.24 .17 19.44 .09
20.36 1.78 19.87 .87 28.89 .07
28.99 1.8 28.5 1.3 28.71 .a6
21.61,  1.8 21.1 1.44 21.35 .0
22.2 1.72 21.74 1.35 21.99 .88
22.84 1.8 22.39 1.12 22.65 .11
23.46 1.53 22.99 .89 23.22 .11
24.1 1.37 23.59 .59 23.87 .12
24.72 1.28 24.24 .2 24.5 .12
25.32 1.24 24.86 -.22 25.12 .12
25.98 1.23 25.47 -.63 25.75 .13
26.61 1.24 28.89 -. 99 26.3? .15
27.2 1.24 26.? -1.21 27.81 .17
27.84 1.25 27.34 -1.28 27.59 .18
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P!DXSI pRnENTRTIVE DSTS FMT H Ff-5W

U9/C Cd UT/ MIUTC Co

.63 .29 .13 .4 .37 .19

1.25 .59 .39 .46 .97 .32

1.81 .97 .84 .84 1.67 .31

2.47 1.31 1.82 -. 41 2.21 .26

3.15 1.56 1.59 -.47 2.83 .23

3.73 1.75 2.23 -.61 3.47 .2

4.35 1.79 2.96 -.83 4.1 .17

4.97 1.77 3.52 -1.09 4.7S .16

5.57 1.74 4.13 -1.29 5.4 .16

9.21 1.81 4.74 -1.41 5.99 .17

9.7? 1.84 5.36 -t.36 6.5? .19

7.41 1.72 5.96 -t.19 7.24 .24

6..6 1.72 6.6 -. 86 7.95 .27

6.98 1.68 7.24 -. 46 6.49 .33

9.31 1.92 7.87 .89 9.11 .39

9.94 2.27 6.5 .63 9.75 .42

10.52 2.2 9.12 1.56 16.36 .43

11.11 2.22 9.74 2.81 18.96 .41

11.6 1.98 £8.36 2.13 11.9 .34

12.41 1.79 13.96 a 12.24 .26

13.84 1.62 11.82 1.65 12.86 .24

13.65 1.46 £2.24 1.28 13.46 .2

14.26 1.53 12.95 .62 14.86 .15

14.93 1.67 13.46 .27 14.69 .14

15.52 1.79 14.89 -.32 15.34 .17

19.87 1.74 14.71 -. 65 15.9. .2

16.75 1.74 15.35 -.66 16.57 .22

17.42 .66 5.94 -.49 17.25 .26

17.99 1.6 11.63 -.89 17.84 .3

18.56 1.57 17.2 .32 16.46 .32

19.21 1.56 17.64 .79 19.12 .34

19.64 1.59 19.44 L.2 19.71 .34

29.46 1.5? 19.87 1.6 26.34 .34

21.85 1.49 15.68 1.64 23.36 .32

21.7 1.36 20.32 1.9 21.59 .29
2. 1. 28.85 1.1 22.23 .2422.34 t.°22 2.519

22.94 I.1l 21.58 1.56 22.84 .21

23.59 1.37 22.19 t.26 23.47 .18

24.19 1.85 22.82 .9 24.1 .16

24.79 1.86 23.46 .53 24.72 .15

25.43 1.17 24.11 .1 25.33 .16

21.89 1.25 24.73 -.8 25.94 .17

26.62 1.27 25.31 -.13 26.57 .19

. 27.29 1.29 25.86 -.2 27.19 .21

27.9 1.24 26.55 -.12 27.9, .22
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~PP~NUZY _a~~TT~EDRTR FOR T SRPJ2!.I..&mmE

UT/C Cd 9/-C SI UT'C.

.24 .33 .23 .52 .28 .16

.94 .65 .67 .33 .96 .35

1.43 .75 1.19 -. 23 1.53 .37

2.87 1.86 1.6 -.39 2.89 .37

2.7 1.2 2.4 -.57 2.71 .33

3.29 1.41 3.32 -.84 3.3 .3

3.9 1.44 3.6 -.:2 3.91 .25

4.5 1.54 4.21 -.97 4.5 .24

5.09 1.42 4.79 -1.37 5.12 .2t

5.71 1.47 5.42 -L.11 5.71 .21

6.32 1.47 5.99 -1.88 8.33 .22

..95 1.57 6.81 -.99 6.93 .23

7.56 1.59 7.2 -.92 7.57 .24

6.2 1.67 7.81 -.6 9.2 .27

6.79 1.67 8.43 -.25 8.77 .3

9.37 1.64 9.05 .32 9.39 .36

9.911 1.65 9.86 1 9.99 .48

1O8 1.95 18.26 1.59 19.st .49

11.24 2.18 18.97 2.82 1l.23 .5

11.82 2.3t It.47 2.15 11.83 .49

12.44 2.24 L2.87 2.14 12.44 .43

13.95 2.1.9 L2.65 2.02 13.88 .4

13.S3 1.83 13.25 1.76 13.67 .33

14.22 1.64 13.64 1.37 14.25 .3

14.91 1.37 14.44 .61 14.91 .21

15.46 1.49 15.1 .2 15.49 .2
1489 1.65 15.67 -.35 16.12 .2
16.7 1.7 19.29 -.71 18.74 .21

17.31 1.72 18.34 -.76 17.33 .25

17.9S 1.65 17.46 -.6 17.92 .3

18.53 1.65 16.86 -.3 19.54 .36

19.1.3 1.44 18.66 .16 19.11 .42

19.77 1.73 19.27 .?2 19.71 .46

28.37 L.7% 19.66 1.25 28.35 .49

29.94 1.76 26.46 1.7 20.97 .49

2..6 1.79 21.87 1.9 21.56 .47

22.19 1.83 21.67 1.39 22.19 .42

22.79 1.72 22.29 1.89 22.81 .37

23.39 1.64 22.36 1,7 23.42 .33

24.31 1.44 23.46 1.44 24.84 .29

24.83 1.29 24.1 1.85 24.SS .2S

25.24 1.13 24.87 .84 25.27 .23

25.i 1.85 25.32 .2? 25.67 .21

28.43 1.84 25.91 .83 29.5 .19

27.06 1.8 25.52 -.11 27.11 .2

27.65 1.Ll 27.16 -.2 27.7 .2
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APNIX Ut REPRESENTATIVE DATA FOR T-SKVMC BMY RT -153 DEGMEES

UTI*C Cd UT/C Cl UT/C Cm

1 .37 .13 .6 1.82 .49
1.64 .99 .35 .73 1.68 .52
2.26 1.1 .79 .27 2.33 .5
2.96 1.47 1.2 -.59 2.66 .43
3.5 1.94 1.9 -.31 3.49 .39
4.13 2 2.47 -.29 4.87 .39
4.76 1.92 3.86 -.36 4.71 .36
5.39 1.73 3.87 -.43 5.31 .34
5.96 1.74 4.33 -.59 5.91 .33
6.94 1.76 4.97 -.72 9.59 .31
7.25 1.85 5.59 -.79 7.13 .29
7.88 1.67 6.15 -.85 7.79 .3
8.49 1.68 6.77 -.86 6.38 .31
9.89 1.1S 7.4 -.87 9.85 .32
9.77 1.56 8.81 -.79 9.61 .32
10.33 1.59 6.66 -.66 19.27 .34
10.97 1.94 9.24 -.46 18.85 .37
11.6 1.76 9.6 -.2 11.46 .41
12.24 1.87 18.49 .24 12.1 .45
12.85 1.92 11.11 .75 13.35 .5
13.46 1.89 11.72 1.23 12.73 .49
14.13 1.8 12.36 1.58 13.96 .49
14.72 1.97 12.97 1.72 14.57 .46
15.34 L.56 13.8 1.66 15.16 .42
15.87 1.44 14.19 1.49 15.76 .39
16.61 1.41 14.62 1.17 16.41 .35
17.21 1.4 15.43 .?6 1 .31
17.95 1.41 11.85 .29 17.64 .29
16.44 1.44 16.83 -.29 18.23 .27
19.89 1.41 17.27 -.72 18.95 .26
19.7 1.49 17.89 -.95 19.5 .25
20.35 1.47 19.49 -.96 20.1 .26
28.9? 1.36 19.1 -.76 28.71 .31
21.55 1.36 19.73 -.38 21.32 .35
22.2 1.34 20.34 .A? 21.96 4

, 22.86 1.33 28.97 .55 22.54 .45
23.46 1.35 21.55 1.81 23.2 .46
24.89 1.35 22.21 1.39 23.81 .5
24.7 1.32 22.79 1.63 24.4 .5
25.35 1.29 23.46 1.71 25.82 .46
25.92 1.22 24.85 1.9 25.94 .46
26.52 1.13 24.71 1.57 26.29 .41
27.2 1 25.29 1.39 26.89 .38
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RPC4DZX V SPRE9ENATIZVE jal FOR T-SWIPED 9M RT -28 DEWGRE

UJT/C Cd UT/C CY UT.-C Cm

.39 .34 .12 .8 .39 .43
1.08 .66 .56 .13 1.25 .54
1.62 .96 1.23 -.1? 1.81 .52
2.21 1.13 1.6 -.17 2.22 .46
2.76 1.34 2.4 -.19 2.82 .45
3.39 1.63 3 -.16 3.43 .44
3.96 1.91 3.58 -.18 4 .42
4.58 1.92 4.21 -.25 4.61 .4
5.17 1.75 4.6 -.29 5.22 .37
5.83 1.67 5.4 -.34 5.6 .36
6.42 1.73 6.83 -.38 6.44 .36
7.13 1.65 6.83 -.42 7.84 .31
7.85 1.6 7.25 -.47 7.64 .37
8.25 1.63 7.83 -.51 6.24 .36
6.9t 1.63 6.41 -.54 8.66 .37
9.42 1.56 S.84 -.54 9.44 .37
18.87 1.43 9.84 -.5 18.1 .36
18.68 1.45 18.22 -.4 18.73 .39
11.29 1.45 18.83 -.2 11.33 .39
11.89 1.4! 11.44 .85 11.91 .4
12.51 1.36 12.88 .31 12.5 .41
13.1 1.37 12.63 .53 13.13 .41
13.68 1.38 13.25 .74 13.71 .42
14.31 1.37 13.85 .92 14.35 .42
14.9 1.39 14.45 1.82 15 .41
15.53 1.42 15.85 1.81 13.32 .4
18.11 1.41 15.66 .94 16.16 .38
16.74 1.36 16.26 .77 16.77 .37
17.34 1.23 18.86 .57 17.35 .37
17.9 1.23 17.47 .34 17.90 .35
!6.35 1.18 18.88 .15 18.58 .34
19.12 1.14 16.66 -.87 19.2 .33
19.75 1.13 19.28 -.27 19.79 .33
28.34 1.08 19.86 -.41 23.3? .33
28.94 1.18 29.49 -.47 21.83 .34
21.58 1.12 21.87 -.44 21.81 .34
22.16 1.12 21.67 -.35 22.19 .34
22.62 1.13 22.27 -.2 22.8 .35
23.36 1.12 22.86 8 23.41 .36
24.82 1.12 23.46 .2 24.83 .37
24.59 1.85 24.0 .36 24.63 .32
25.23 1.64 24.67 .57 25.24 .36
25.61 1.83 25.29 .75 25.82 .36
21.44 1.82 25.89 .i4 26.45 .37
27.81 1.81 28.5 .66 27.85 .36
27.64 1.8? 27.11 .62 27.55 .39
26.22 1 27.71 .73 29.23 .35
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FPPEMIX Ws RCPRESEIRTIVE VDTR FOR T-fit 9V RTO-2Y MmIEE

UTr/c Cd UT/C cl UT/C c

.82 .32 .13 1 1.16 .35
1.31 .43 .5 .59 1.77 .57
1.61 .92 .89 -.35 2.44 .61
2.48 1.16 1.75 -.14 3.=9 .6
3.13 1.57 2.33 .83 3.6 .59
3.75 1.93 2.95 .17 4.25 .57
4.33 2.1 3.6 .25 4.99 .59
4.92 2.1 4.16 .31 5.46 .56
5.56 1.97 4.62 .33 9.89 .56
6.23 1.85 5.45 .34 8.7 .56
6.86 1.79 6.85 .39 7.25 .57
7.46 1.76 6.69 .43 7.93 .56
9.7 1.7 7.29 .5 8.52 .54
6.66 1.55 7.89 .54 9.17 .32
9.33 1.56 6.54 .57 9.79 .52
9.95 1.52 9.1 .64 10.42 .51
18.57 1.46 9.75 .69 11.85 .46
11.17 1.47 18.36 .72 11.65 .47
11.71 1.47 18.99 .67 12.21 .45
12.4 1.44 11.95 .6 12.84 .44
13.81 1.4 12.27 .53 13.43 .43
13.64 1.4 12.64 .46 14.a7 .42
14.26 1.39 13.45 .32 14.73 .4
14.87 1.34 14.9 .14 15.43 .39
15.5 1.29 14.71 -. 84 16 .36
16.2 1.28 15.34 -.2 19.59 .39
19.81 1.22 15.99 -.29 17.22 .30
17.4 1.2 16.57 -.36 17.79 .4
17.95 1.15 17.15 -.41 18.42 .41
16.65 1.11 17.76 -.34 18.96 .42
19.23 1.1 16.35 -.24 19.8 .44
19.89 1.86 19 -.as 29.25 .44
28.43 1.89 19.57 .89 28.67 .45
21.86 1.86 26.2 .21 21.49 .46
21.71 1.85 26.91 .39 22.80 .49
22.31 1.84 21.44 .53 22.72 .46
22.94 1.83 22.87 .67 23.32 .46
23.56 1.82 22.86 .74 23.96 .45
24.17 1.81 23.29 .77 24.6 .44
24.79 1 23.92 .74 25.19 .43
25.46 .96 24.5 .66 25.92 .41
26.9 .97 25.15 .55 26.42 .4
26.6 .95 25.74 .39 27.63 .39
27.27 .94 26.4 .26 27.62 .39
27.9 .92 27.82 .1 26.29 .3?
29.52 .ln 27.539 -. 3 26.33 .36
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PPENDIX Xi RESNTFTIV DRTR FOR T-SHSPE DODY AT -38 DEGREES

___1 Cd LiT/C Cl UT/C Co

.82 .19 .13 .84 .38 .28
1.24 .4 .36 .36 1.82 .42
1.69 .75 .75 .38 1.7 .66
2.47 .67 .96 -.23 2.27 .67
3.11 1.41 1.59 -.a7' 2.94 .63
3.72 1.75 2.21 -.81 3.55 .84
4.37 2 2.81 .11 4.11 .92
4.96 2.81 3.41 .29 4.7 .61
5.55 2.14 4.05 .47 5.32 .59
6.19 1.98 4.85 .6 5.99 .9
9.89 1.9 5.29 .67 6.63 .59
7.49 1.91 5.89 .75 7.13 .6
9.16 1.92 6.52 .83 7.75 .6
6.77 1.79 7.13 .95 8.37 .56
9.37 1.72 7.73 1.85 9 .55
18 1.66 9.4 1.82 9.86 .55

18.8 1.62 6.99 1.81 18.25 .54
11.31 1.61 9.57 .91 18.9 .51
11.87 1.82 18.22 .73 11.57 .47
12.45 1.59 10.61 .43 12.35 .43
13.12 1.54 11.44 .36 12.93 .41
13.71 1.47 12.88 -.24 13.5 .4
14.3 1.44 12.75 -.47 14.86 .36
14.89 1.46 13.38 -.64 14.7 .39
15.55 1.46 13.96 -.77 15.24 .4
16.21 1.5 14.59 -.74 15.8 .42
18.75 1.51 15.15 -.62 16.36 .44
17.29 1.47 '5.73 -.42 16.94 .45
17.97 1.47 16.35 -.13 17.57 .46
16.61 1.44 16.95 .17 16.19 .5
19.2 1.43 17.8 .46 16.79 .52
!9.77 1.41 16.17 .73 19.37 .539
28.36 1.39 19.77 .95 29.81 .53
21.81 1.36 19.36 1.1 28.63 .52
21.81 1.38 18.99 1.14 21.23 .51

22,23 1.37 20.6 1.89 21.6 .49
22.67 1.36 21.22 .95 22.49 .46
23.47 1.33 21.62 .73 23.12 .44
24.86 1.3 22.44 .49 23.75 .42
24.74 1.26 23.85 .23 24.36 .38
25.34 1.22 23.87 -.81 25 .36
25.36 1.19 24.31 -.23 25.85 .37
26.59 1.19 24.96 -.4 26.28 .36
27.19 1.13 25.57 -.49 21.9 .36
26.41 1.11 26.18 -.47 27.45 .37
29.87 1.12 26.76 -.43 29.85 .36
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xYs~oamff~fll[ " - u wRT -45 5

Ur.,C Cd _urc cl MIS

.83 .2 .23 1.A .73 .6

1.24 .34 .04 .53 1.44 .73

L.75 .55 1.12 -.13 1.97 .89

2.46 .96 1.92 .1 2.39 .69

3.33 1.17 2.44 .to 3.29 .60

M! 1.39 3.06 .36 3.89 .69

4.33 1.82 3.9 .91 5.1 .71

5.04 1.6 4.3 .98 4.5 .7

5.75 2.35 4.93 1.4 5.73 .73

6.46 2.2 5.54 L.75 6.39 .75

7.21 2.26 9.13 1.95 7.82 .75

7.94 2.29 6.77 2.85 7.61 .74

6.77 2.35 7.37 2.96 8.25 .71

9.43 2.20 9 2.82 6.89 .67

9.89 2.3 9.62 1.61 9.53 .61

18.35 2.23 9.23 1.51 18.19 .56

18.92 2.1 9.66 1.89 18.91 .5

11.8 2.81 18.54 .54 L1.60 .42

12.1o 1.99 11.39 -.11 13.19 .34

12.72 2.86 11.95 -.66 12.54 .4

13.2 2.19 12.51 -1.15 13.7 .33

13.86 2.24 13.12 -1.36 14.34 .33

14.44 2.19 13.63 -1.4 14.93 .36

15 2.14 14.6 -1.33 15.42 .41

15.56 1.93 15.45 -1.80 15.94 .47

18.17 1.83 13.1 -.71 19.47 .55

16.72 1.62 16.37 -.12 17.03 .63

17.3 1.7 18.75 .56 17.65 .

17.1 1.69 17.29 1.11 13. .72

16.55 1.66 17.09 1.51 13.06 .72

£9.16 1.72 13.46 1.7 19.47 .89

19.79 1.6 15.12 1.66 28.1 .65

20.39 1.05 19.75 1.52 26.73 .50

21.83 1.62 28.35 1.29 21.33 .52

4 21.71 test 21 .96 22.16 .44

22.34 1.7 21.67 .55 22.0 .33

22.99 1.72 22.36 .81 23.45 .35

23.61 1.62 23.31 -.41 24.9W .31

24.31 1.67 23.55 -.72 24.63 .29

24.9 1.66 24.1 -.97 25.31 .29

25.5 1.08 24.71 -1.12 25.99 .23

26.83 1.63 25.28 -1.12 26.65 .24

26.62 1.53 25.54 -.9 27.22 .38

27.24 1.51 23.85 -.31 27.74 .37

27.3 1.45 27.35 -.59 29.33 .41

26.26 1.23 t3 -.26 23.9 .44
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MPENDIX Zo REPRESEITRTIVE DRTR FOR FLRT PLRTE AT 9 FIND 85 DEGREES

98 DEGREES 65 DEGREES

UT/9 Cat X/a UT/B Cft X/9
1.53 2.?l 8 1.91 3.11 .86
2.27 3 8 2.64 2.86 .877
3.81 2.31 8 3.39 2.73 .861
3.S 2.72 8 4.13 2.68 .861
4.5 2.63 0 4.88 2.63 .86
5.24 2.51 a 5.6 2.65 .894
5.9 2.45 8 6.33 2.68 s86
8.73 2.43 a 7.86 2.73 .a6
7.48 2.37 a 7.83 2.82 .884
6.23 2.34 8 8.57 2.89 .885
8.96 2.38 a 9.29 2.9 .861
9.73 2.29 a 18.84 2.91 .063
18.47 2.16 a 18.76 2.77 .083
t.2 2.19 a 11.52 2.7S .282

11.95 2.11 a 12.25 2.57 .A4
12.? 2.8 8 12.99 2.49 .879
13.46 2.86 8 13.73 2.4 .874
14.21 2.14 8 14.47 2.43 .863
14.96 2.14 8 15.26 2.3 .856
15.71 2.14 a 18.85 2.3 .852
16.46 2.17 8 16.?? 2.31 .847
17.22 2.23 8 I?.47 2.29 .847
17.9? 2.25 8 18.23 2.32 .845
16.71 2.27 a 18.96 2.36 .846
19.46 2.25 a 19.66 2.34 .047
28.2 2.23 8 28.36 2.36 .849
20.92 2.18 8 21.12 2.36 .85
21.66 2.18 8 21.87 2.43 .852
22.42 2.14 8 22.58 2.43 .857
23.18 2.11 8 23.32 2.42 .857

- 23.91 2.14 a 24.86 2.39 .862
24.65 2.87 0 24.8 2.37 s82
25.39 2.87 8 25.55 2.35 .863
26.14 2.81 8 26.27 2.3 .866
21.67 2.81 a 27.81 2.26 .864
27.61 1.93 a 27.75 2.23 .as7
28.37 1.9 8 26.51 2.15 .868
29.14 1.89 8 29.26 2.14 .8?
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RPPENDIX Rrs REPRESENTRTIVE DWTR FOR FVLR PLRTE AT 98 RD 75 13EGREES

88 DEGREES 75 DEGREES

LiT/B Cal Y." UT/V Cn X/B

1.17 3.28 .19 1.17 3.14 .204
1.9 3.4 .122 1.7S 3.24 .171
2.84 3.14 .129 2.47 3.17 .167
3.36 3.34 .132 3.22 3.19 .153
4.13 3.36 .131 3.95 3.18 .14
4.88 3.17 .124 4.89 3.18 .127
5.6 3.18 .123 5.42 3.17 .11!
8.32 3.2 .12 8.13 3.a3 .11
7.07 3.29 .112 6.9 2.96 .07.8 3.25 .113 7'.39 2.es .093
8.56 2.99 .115 8.33 2.9 .337
9.31 2.81 .115 9.s 3.39 -.035
18.83 2.62 .A91 9.8 3.96 -.086
10.77 2.91 ..19 13.52 4.04 -.267
11.52 3.39 -.344 11.25 3.82 -.as
12.28 3.8 -.353 11.98 3.65 -.a
!3.2 3.84 -.05 12.7 4.24 .!2
13.79 3.75 -.041 13.43 4.95 .178
14.53 3.83 .33 14.17 5.35 .174
15.29 3.97 .1ia 14.89 5.4 .171
15.83 4.23 .!44 15.62 5.19 .!52
18.79 4.37 .156 16.34 4.86 .124
17.51 4.46 .156 17.07 4.41 .107
18.23 4.53 .15 17.81 3.79 .891
18.96 4.3! .15 19.52 3.71 .a24
!9.68 3.99 .135 19.26 3.91 -.844
23.4 3.5 .1!8 19.99 4.a2 -.382
21.13 3.35 .a64 20.72 4 -.36
21.84 3.3 -.02 21.45 3.86 -.099

. 22.6 3.44 -.a35 22.19 3.64 -. Z79
23.31 3.47 -. 52 22.92 3.34 -.349
24.85 3.46 -.851 23.66 3.12 -.819
24.79 3.30 -. A5 24.38 2.98 .324
25.53 3.2 -.35 25.1 3.81 .a83
26.27 2.93 -.039 25.83 3.1 .091
27.81 2.68 -.A12 26.56 3.19 .98
27.74 2.85 .832 27.29 3.19 .396
26.47 2.7 .878 26.82 3.87 .1
29.21 2.74 .182 28.75 2.98 .086
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WOMND1X Ms, REPRESENTRTIVE DATA FOR F1.RT KLATE AT 78 AND 95 DEGREES

78 DEGRE 95 8 DEGEIES

UT/B Cn X/9 UT/3 Cii X/D

1.32 3.8? .220 1.32 2.66 .376
2.87 3.52 .282 2.87 3.43 .25
2.92 3.31 .214 2.61 3.5 .215
3.55 3.35 .263 3.54 3.42 .193
4.26 3.41 .1e1 4.26 3.30 .162
5.81 3.29 .17 5.81 3.21 .137
5.75 3.2 .15 5.76 2.95 .13
6.49 3 .147 6.49 2.65 129
7.23 2.86 .136 7.25 2.76 .8"7
7.97 3.86 .877 7.97 3.33 -.827
9.72 3.63 -.884 6.71 3.59 -.866
9.45 3.92 -.83 9.44 3.62 -.064
La. 19 3.75 -.831 18.18 3.47 -.843
16.92 3.51 -.83 18.92 3.54 .A5
11.66 3.6 .037 11.67 4.86 .145
1 12.39 4.35 .138 12.4 4.71 .172
13.14 4.99 .163 13.14 4.99 .166
13.67 5.27 .162 13.87 5.82 .162
14.62 5.29 .159 14.61 4.9 .135
15.34 5.83 .156 15.34 4.5 .117
16.86 4.56 .145 18.86 3.03 .187
16.83 4 .14 16.62 3.7 .81
17.56 3.4? .125 17.55 3.79 -.892
16.3 3.68 .821 18.3 3.93 -.136
L9.84 3.66 -.861 19.83 3.69 -.147
19.77 3.04 -.8? 19.?? 3.57 -.136
28.52 3.7 -.892 28.52 3.38 -.892
21.27 3.56 -.094 21.25 3.84 -.822
22 3.44 -.873 21.96 3.A2 .857

22.73 3.15 -.827 22.?2 3.82 .137
23.47 3.13 .031 23.46 3.2 .155
24.21 3.19 .894 24.21 3.32 .157
24.95 3.26 .121 24.95 3.42 .153
25.66 3.35 .127 25.68 3.37 .137
26.42 3.33 .129 26.42 3.24 .112
27.17 3.22 .131 27.15 3.13 .876
27.9 3.84 .135 27.69 2.96 .859
26.84 2.8 .141 26.62 2.76 .048
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cnX/B UT13 cn /

.74 2.9 .327 1.82 2.06 .367

1.46 3.4 .279 1.46 3.23 .337

2.19 3.43 .266 2.19 3.39 .296

2.891 3.43 .251 2.92 3.5 .265

3.64 3.47 .2t4 3.36 3.52 .223

4.37 3.45 .184 4.36 3.4 .168

5.1 3.1S .is? 5.11 3.26 .156

5.92 2.95 .IS2 5.94 2.97 .155

8.57 2.65 .172 6.57 2.64 .!56

. 7.31 2.69 .123 7.3 2.56 .183

8.84 2.99 .A32 9.82 2.97 .881

8.78 3.17 -.ats 8.75 3.85 -. 034

9.49 3.18 -.815 9.49 2.97 -.03

18.23 3.806 -.281 10823 2.89 .319

10.97 3.!4 .388 10.95 2.99 .115

11.72 3.53 .19 1l.67 3.4 .176

12.45 4.87 .174 12.39 3.96 .169

13.23 4.53 .156 13.12 4.26 .!59

13.94 4.86 .15 13.85 4.42 .144

14.86 4.6 .128 14.57 4.38 .124

15.4 4.36 .15 15.31 4.88 .813

16.99 3.9 .81 16.85 3.?7 .873

16.62 3.9 -.24 16.70 3.46 .23

17.54 3.49 -.359 17.51 3.26 .85

!8.27 3.53 -.278 18.24 3.A9 .881

19 3.37 -.379 18.96 2.97 .a3

19.72 3.21 -.A72 19.69 2.93 .816

20. 44 3.89 -.a23 28.41 2.81 .847

21.19 2.99 .351. 21.15 2.74 .3

21.9 2.97 .186 21.86 2.62 .2.12

22.63 3. 1 .135 22.82 2.97 .131

23.35 3.22 .136 23.34 2.95 .13

24.39 3.34 .134 24.86 3.83 .!29

24.62 3.36 .133 24.61 3.94 .124

25.55 3.29 .132 25.53 2.92 .12

2S.26 3.12 .134 25.26 2.73 .16

27 2.89 .t32 29.96 2.51 .189

27.73 2.72 .123 27.71 2.32 .896
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________________,,_ _____,_.._.___ _ ..s_______

RPENDIX R~sRPRSETAIVEORTR FORFLRT PLRTE RT 563 AM 45 DEGREES

58 DEGRE 45 DEGREES

UT/B ean X/v UT/v Cn K/S

.89 2.;? .364 1.63 2.99 .419
1.49 3.47 .293 2.22 3.43 .32
2.23 3.63 .28 2.8 3.65 .267
2.96 3.58 .258 3.71 3.? .241
3.74 3.62 .221 4.47 3.64 .283
4.46 3.53 .163 5.22 3.36 .17
5.22 3.32 .186 5.97 3.83 .1156
5.97 2.97 .16 6.7t 2.47 .183
6.72 2.43 .18 7.46 2.54 .137
7.46 2.32 .13 6.2 2.8 .04
6.2 2.75 .822 9.94 2.87 .81
8.85 2.91 -.811 9.69 2.69 .R
9.66 2.75 -.884 18.43 2.8 .061
18.45 2.61 .862 11.19 3.16 .136
11.2 3.18 .137 11.93 3.53 .149
11.95 3.63 .164 12.68 3.72 .146
12.69 3.93 .16 13.44 3.73 .144
13.45 4.89 .153 14.16 3.59 .129
14.16 4.1 .139 14.33 3.32 .117
14.91 3.8 .116 15.66 2.85 .897
15.66 3.46 .112 16.42 2.63 .866
16.43 2.89 .14 17.16 2.79 .836
17.17 2.85 .824 17.9 2.66 .835
17.32 2.91 -.826 16.64 2.59 .837
18.8 2.8 -.836 19.4 2.53 .854
19.41 2.7? -.822 28.15 2.55 .897
28.15 2.7 .83 28.68 2.72 .12
28.69 2.7 .183 21.64 2.91 .126
21.63 2.71 .144 22.37 2.96 .127
22.39 2.82 .151 23.14 2.31 .129
23.13 2.88 .153 23.68 2.76 .133
23.87 2.69 .151 24.63 2.62 .126
24.63 2.5 .15 25.37 2.45 .122
25.3? 2.7 .146 26.13 2.25 .116
26.L3 2.54 .131 26.67 2.13 .111
26.66 2.36 .122 27.6 2.83 .183
27.6 2.22 .19 26.35 1.99 .1
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OEMIX RID INTWFZVE 2M-F9 LEL .RT I T4fflM 12 LEW

UT/B cit X/B UT/D Ci /D

1.85 2.79 .401 1.81 2.85 .375

1.79 3.26 .327 1.47 2.43 .327

2.54 3.4 .311 2.19 2.59 .3M

3.27 3.42 .394 2.92 2.8 .293

4.85 3.61 .255 3.65 3.87 .27

4.61 3.52 .214 4.36 3.18 .21

5.52 3.26 .179 5.11 3.33 .231

S.29 2.93 .179 5.94 3.29 .197

7.83 2.3 . L9 6.55 3.87 .177

7.77 2.33 .147 7.29 2.6 .191

9.52 2.6 .045 6.83 2.43 .191

9.24 2.59 .819 9.74 2.46 .162

18.81 2.54 .829 9.49 2.41 .153

18.75 2.7 .989 19.22 2.36 .164

11.51 3.85 .144 18.95 2.43 .19

12.2 3.21 .192 12.6? 2.76 .169

12.99 3.33 .162 12.39 2.76 .169

13.74 3.33 .159 13.15 2.73 .171

14.49 3.17 .154 13.96 2.48 .161

15.22 2.6 .147 14.59 2.29 .192

15.99 2.63 .134 15.35 2.09 .197

11.73 2.36 .12 11.85 1.91 .195

17.49 2.21 .115 16.79 1.64 .193

19.23 2.17 .115 L7.51 1.86 .193

19.97 2.14 .126 19.25 1.9 .192

19.72 2.23 .133 16.97 2.81 .192

28.45 2.29 .155 19.71 2.82 .196

21.22 2.43 .159 28.42 1.99 .195

21.96 2.5 .156 21.17 1.95 .199

22.7 2.52 .154 21.66 1.92 .287

23.47 2.43 .153 22.61 1.72 .219

24.22 2.27 .161 23.33 1.56 .233

24.06 2.19 .19 24.8W 1.56 .236

-, 25.69 2.86 .16 24.6 1.54 .24

26.46 2.81 .194 25.52 1.55 .239

27.19 2 .163 26.26 1.39 .233

27.97 1.96 .171 27 1.59 .242

29.66 1.96 .174 27.73 1.59 .243

22,0
L



46 .

P0
4 s.

* -'

* , 4,J * -

S ~ ~ a o U UC e u aW C

-7')j



*f z

'0 4 oz

44f
ljai

S4D

Asaa.44

400

. g 0..

%0

ilk..

A I-

q.
I I--

"~ 
41

{ " ..

42 
2

9 t, * "1 '

* . , ,A 4 . ; . .. 3 .*
B/X

~222



998

*

S
4.*
LU

4.
*

4.
0

LU4.
0'LU

0

* 108 0)00

4.5
*I., C')
* 4.'

LU

0
* 0

0 4.'LU4 -~9T
6

'LU
0 9LU. Lu* ILLU. .i,.T~Z

* I-OK 
9

0

L* -i 0.LU 
a..

*

N* I-
-jOT -

6

* 6

- CLU -19
0

'LU
6W a,A LU 

-

LU

4.0 
L.S 
0)

LU 4
LU

4..
I
4.0

40
LU

4.
-4J lp*p... * jA*~.i.

wrn1gI~U~9 S W~6wS C~j~0(* 5
. . . . . C C C * C

223



SJ

;' e4.1

' * w*4,
lez -o

4I41 C

6 m

a;0 0
SOl

, -4si
6L

11J

- .*.mm:: I - -8 +

II

224

u -", "- + - l II+ Ii



INITIAL DISTRIBUTION LIST

No. Copies

1. Defense Technical Information Center 2
Cameron Station
Alexandria, Virginia 22314

2. Library, Code 0142 2
Naval Postgraduate School
Monterey, California 93940

3. Professor T. Sarpkaya, Code 69S1 5
Mechanical Engineering
Naval Postgraduate School
Monterey, California 93940

4. Department of Mechanical Engineering, Code 69 2

Naval Postgraduate School
Monterey, California 93940

5. LCDR Howard K. Kline 4
Executive Officer
USS OLDENDORF (DD-972)
FPO
San Francisco, California 96674

225

,1i AI l I "£~" "t ::?'T 1 i ii


